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Differing experimental results have been obtained for gas 
absorption into horizontal stagnant liquid pools, with and with­
out chemical reaction, using a novel simultaneous optical bire- 
fringent interferometric and pressure transducer technique.
The thesis is divided into two parts. Section one is mainly 
concerned with physical gas absorption. The systems investigated 
were carbon dioxide/water, acetylene/water, ammonia/water, sulphur 
dioxide/water and carbon dioxide/propylene carbonate. The take-up 
of gas (M-fc) by the absorbing solutions, concentrations and concen­
tration profiles of gas in liquid have been obtained relative to 
exposure times from both experimental and3generally} theoretical 
considerations.
The possibility of a surface resistance (l/ks) for the absor­
ption of carbon dioxide by water and propylene carbonate, and
t
acetylene by water, has been considered. The method of analysis 
indicates an appreciable resistance to exist in all cases. The 
effect of a soluble surfactant on the transfer process has also 
been studied.
It has been demonstrated that for all the systems studied, 
convective disturbances (perhaps in the form of microflows or 
eddies) are produced almost instantaneously (0.04 sec was the 
shortest time of investigation possible in this study) upon 
exposure of absorbing gas to liquid. This convective disturbance 
could be responsible for a much larger transport of solute from 
the liquid surface than can occur by molecular diffusion alone.
Further studies on convection involved examining the effect
of pool depth on the absorption of carbon dioxide and acetylene 
by a 3# aqueous solution of wetting agent (pool depths from less 
than 0.4 mm to 25 mm), and sulphur dioxide by pure water (appro­
ximately 2 ram to 25 mm). In all cases, there was a peak depth at
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due to the presence of convection in the liquid pool. An analysis, 
based on hydrodynamic stability theory, was carried out for 
buoyancy-driven convection in the sulphur dioxide/water system. 
Calculated values of critical Rayleigh numbers from experimental 
results were shown to be larger than theoretically predicted values.
Section two of the thesis deals with interfacial turbulence 
and absorption of an acid-gas in several systems of absorption 
accompanied with chemical reaction. These were carbon dioxide 
absorption by aqueous solutions of mono-di- and tri-ethanolamine, 
sodium and potassium hydroxide, and hydrogen sulphide absorption 
by aqueous solutions of mono-di- and tri-ethanolamine. All the 
systems were examined optically and by the transducer technique.
The carbon dioxide/monoethanolamine system for concentrations less 
than IN was studied using a laminar jet absorption apparatus.
Photographs of turbulence are shown, and a time-scale for the 
onset of visible convection in the form of roll cells is presented 
for all the systems. A minimum time of several seconds for this 
onset time, which varied with concentration, was found for all 
the systems. However, analysis of interferograms for absorption of 
carbon dioxide by IN monoethanolamine, suggests that some form of 
convection is almost instantaneously generated upon exposure of 
gas to liquid, as in the case of physical absorption.
Transducer absorption studies, when compared to theoretical 
predictions, suggest there is an accumulation of reaction product 
at the gas/liquid interface until viscous forces in the liquid 
bulk are overcome. At thjs point, roll cell convection commences 
and the amount of gas absorbed begins to exceed that predicted by 
theory.
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CHAPTER ONE
INTRODUCTION
Mass transfer between two phases is of importance in a 
variety of industrial operations and in many research activities. 
Yet, as stated by BROWN (I965).**it is only comparativly recently 
that any systematic study of the phenomenon has been undertaken. 11 
Recent activities in the field of mass transfer in general, and 
liquid liquid extraction and gas absorption in particular, aim 
at an understanding of the mechanism of transfer through the 
interfacial zone rather than at the general form of the transfer 
equation.
The size of industrial equipment for the absorption of gases 
by liquids is determined by the rate at which the gas and liquid 
streams can be induced to approach equilibrium conditions. At 
least two factors affecting this rate are generally taken into 
account. Firstly, with the inert component of both gas and liquid 
stationary, the rate of transfer of soluble components of the gas 
is usually assumed to be limited by the rate of molecular diffusion 
through one of the phases. Secondly, movement of the gas and 
liquid past each other breaks down steady molecular diffusion and 
causes eddy diffusion or even bulk motion of the gas and liquid to 
and from the interface between the phases. Absorption by un­
disturbed molecular diffusion is slow, and is governed by the 
physical nature of the materials taking part in the absorption 
process. Eddy transfer and transport of macroscopic portions 
of the fluid in the neighbourhood of the interface, caused by the 
disturbed motion obtained in any practical absorption column, 
increases the rate of transfer of soluble components far beyond 
that given by molecular diffusion alone. The extent of this
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increase in the rate of transfer depends upon the way in which 
the phases are bought together in the contacting section of the 
equipment.
It is the effect of the broken and turbulent motion of the 
liquid and gas on the absorption process which has received most 
theoretical attention. WHITMAN (1923) postulated that if a resist­
ance to transfer existed, it was negligible in comparison with the 
resistance to transfer across a thin boundary layer adjacent to 
the interface. Steady matter transfer by molecular diffusion 
across the boundary region, which remains unaffected by the turb­
ulent motion of the bulk phases, was assumed. The application 
of the theory to interfacial mass transfer was originally based 
on the simplyfying assumption of equilibrium of the two phases 
at the interface between them. This amounts to a requirement of 
no resistance to mass transfer across the interface. However, 
this condition of interfacial equilibrium is known not to be 
fulfilled in certain cases such as evaporation of a pure material 
into a high vacuum, diffusion through a surfactant monolayer at 
the interface and crystallization. For mass transfer of a pure 
gas across an impurity-free gas-liquid interface the interfacial 
resistance is generally assumed to be either zero or negligible 
compared to the resistance in either or both or the phases.
However, some investigators have found an apparent interfacial 
resistance which they did not feel could be attributed to surface 
active contaminants or hydrodynamic effects, while others dispute 
these reports and claim no measurable resistance.
The physical unreality of Whitman!s model of the transfer 
process was pointed out by HIGBIM (1935). He proposed instead 
that there is a periodic breaking of the boundary layer, followed 
by short intervals of non-steady absorption by molecular diffusion. 
This mechanism took into account more closely the observed behaviour
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of this theory was made by B&NCKMERTS (1951) who conceited that 
a random and continuous breaking of the interface m s  a more 
likely condition, in which small elements of fluid came into 
contact with the interface for short periods of time. Thus the 
transport process would be a transient one involving solute trans­
fer to elements while they are in contact with the interface. A 
generalisation of the theories of Higbie and Danckwerts was made 
by TOOR and MARCHELLO (1958). They showed by a solution of the 
diffusion equation with finite boundary conditions that the 
dependence of the mass transfer coefficient on the diffusion 
coefficient D, was dependent on the age of the elements of fluid 
exposed to the phase boundary. For short exposure times they 
found that the transient process prevailed and the penetration 
theory correctly predicted the relation between the mass transfer 
coefficient and D, whilst for long exposure of the elements to the 
interface, the steady state assumption held and the film theory 
dependtfnc^ of the mass transfer coefficient on D is valid.
In the case of high intensity turbulence when eddies of fluid 
rapidly approach the Interface so closely that the diffusional 
paths are negligible, the film coefficient is independent of the 
molecular diffusivity. KISHINEVSKII et a l (19^9*1955*1956) 
developed a model in whijih turbulence is supposed to extend to 
the surface, the rate of absorption being determined by a combina­
tion of molecular and eddy diffusivity. FORTESCUE and PEARSON 
(1967) solved the equations for diffusion into a surface compris­
ing of a regular system of eddies MARCHELLO and TOOR (1963) 
proposed a model in which the liquid in a film of definite thick­
ness is mixed to a uniform concentration at internals.
’Still surface’ models consider that instead of the 
discontinuity envisaged in the film model, there may be a progres-
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convective transport as the distance from the surface increases.
KING (196^,1966) considered the possibility that transport is the 
combined result of molecular diffusivity and of an ’eddy diffusivity 
which is proportional to some power of the distance from the sur­
face. HARRIOT (1962) proposed a modification of the surface- 
renewal model in which eddies are assumed from time to time to 
replace liquid up to a certain distance from the surface with 
liquid of bulk concentration, the frequency of displacement and 
distance of approach may be randomly distributed. Other ’still 
surface* models have been disscussed by ANDREW (1961) and 
Da NCKWERTS (1958). However, these models are somewhat complex 
compared to other types for they require at least two parameters 
to describe the hydrodynamic features of trailsfer, corresponding 
to the thickness of the undisturbed layer and the frequency of 
* rejuvenation*.
Several other mass transfer models around similar themes as 
the ones mentioned above have also appeared in the research 
literature in recent years. New ideas are continually coming 
forth such as the recent work by CHAN and SCRIVEN (197O) which 
considers the existence of microflows in the region of the inter­
face. This is a new approach of great interest. Mathematical 
equations based on a concept of convective forward and reverse 
stagnation flows are developed. This paper differs essentially 
from the intuitive eddy concept used by so many researchers.
In fact none of these theories account completely for the 
observed behaviour of an absorption column. Detailed experimental 
results, whether obtained from full scale or laboratory equipment 
remain unexplained by any of these theories. There are two 
possible reasons for this. Firstly, the complex way in which the 
liquid passes through equipment, and the effect of the turbulence
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for. SHULMAN et al (1955^,1955b,1955c,1967) bave published a series 
of papers dealing specifically with liquid flow patterns and 
velocities in packed beds. These papers indicate how complex such 
phenomena can really be in practice. The second possibility is 
that even if the effect of the motion of the fluids is excluded, 
the underlying diffusion process would not behave as is normally
assumed. Although it is not generally expected that in a stationar
liquid or gas, transfer will take place by means other than 
molecular diffusion, it may be that at the interface the phases are 
not at equilibrium. This is a factor which is receiving more 
attention in the recent research literature. One of the few papers 
published considering such situations is a mainly mathematical 
analysis by DANG and GILL (1970) using a method of matched 
asymptotic expansions. There is no doubt that this problem is one 
of growing interest.
As TREYBAL (1963) points out, there are certain conditions 
under which interfacial equilibrium and resistance additivity, 
two of the requirements of the original Whitman film theory, may 
not be fulfilled. They are:
1) Interfacial resistance due to surface active agents 
adsorbed at the interface with resultant:
(a) blocking of the surface
(b) rigidity of the surface preventing transfer of 
momentum across the interface.
(c) interaction of the adsorbed surfactants and the 
diffusing solute.
2 ) Spontaneous interfacial turbulence due to interfacial 
tension gradients and/or density gradients.
3) A temperature gradient at the interface due to heat 
of solution accompanying mass transfer.
b) Chemical reaction.
-5-
detail.
Interfacial resistance due to surface active agents 
Attempts have been made by several workers to measure inter­
facial resistance. Generally, they have used the following 
experimental methods.
(a) A film of liquid usually water, flowing in laminar 
motion over the surface of a cylinder, sphere or disc is 
exposed to the gas. The quantity of gas absorbed is 
determined either by analysis of the solution after absorp­
tion or by direct measurement of the flow of gas into the 
system. In some cases surface active agents have been added 
to the water in order to ensure that the motion is laminar.
(b) A jet of liquid is allowed to fall through the gas.
By this means the liquid is exposed to the gas for only a 
short time.
(c) A film of liquid is carried on the surface of a rotat­
ing drum where it is exposed to the gas.
(d) A bubble of gas is allowed to rise through the liquid
and the rate of diminution of its size is measured. The 
liquid could if desired be contained in a capillary tube.
(e) A drop of liquid is allowed to fall through the gas
the quantity of gas absorbed being the reduction in the 
volume of the gas at constant pressure.
(f) By measurement of the rate of absorption of a gas into 
a stirred liquid, whose surface remains undisturbed.
In all cases mentioned above both liquid and gas move past 
each other. In no case is the exact nature of this motion known, 
nor can its effect upon condition at the interface be deduced.
Some of the most reliable experimental methods appear to be those 
of CULLEN and DAVIDSON (1956-7 , 1957a, 1957b) and of DANCKWERTS
of workers are in conflict. Danckwerts and Kennedy using a rotat­
ing drum, found there is a resistance to matter transfer at the 
interface of the carbon dioxide/water or sodium carbonate systems. 
HIGBIE (1935) using method (d) to investigate the carbon dioxide/ 
water system and EMMERT and PIGFORD (195^) using a short wetted 
wall column to examine the absorption and desorption of oxgyen 
and carbon dioxide by water agreed with this conclusion in that 
they concluded that the small deviations in their results from 
the theoretical predictions were caused by lack of thermodynamic 
equlibrium at the interface. However they neglected the fact that 
the wetting agent they used could have immobilized the surface 
and thus maie the determination of surface contact times in error. 
Cullen and Davidson using both a wetted sphere and a laminar jet 
for carbon dioxide water absorption studies concluded that there 
is no resistance to mass transfer at the interface. LYNN, 
STRAATEMEIER and KRAMERS (1955) who studied the absorption of 
sulphur dioxide by water and aqueous solutions of hydrochloric 
and, sodium bisulphate, and sodium chloride in a long wetted wall 
column, VIELSTICH (1956) and GOODGAME and SHERWOOD (195*f) all 
obtained results in agreement with those of Cullen and Davidson. 
Other workers such as TERNOVSKAYA and BBLAPOLSKI (1950)9 RAIMONDI 
and TOOK.(1959), BAIRD and DAVIDSON (1962), LEONARD and HOUGHTON 
(1963), ECKENFELDER and BARNHART (196I), TIMSON and DUNN (I960),- 
DAVIES, KILNER and RATCLIFF (196*f), GOODRIDGE and ROBB (1965) 
and ELENKOV et al (1963) all came to inconsistent conclusions.
The foregoing references represent only a portion of the 
literature on the subject of interfacial resistance to gas-liquid 
mass transfer. A more searching survey was not called for here 
since this is not the main theme of this thesis. However the 
aim was to show the variety of approaches to the same goal. It 
is probably this diversity in every aspect of the studies that
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existence of an interfacial resistance. All the methods described 
above utilised flowing systems. There is no doubt that added 
complications are encountered with such systems concerning the 
nature of the gas and liquid flows. To overcome this problem, 
two other methods have been used in the literature utilising 
stagnant cells. These are:
(g) Optical techniques which measure directly the gas 
concentration in the liquid.
(h) Transducer techniques which determine gas take up 
rates by measuring gas pressure changes in a large volume. 
Prior to HARVEY and SMITH (1959) optical techniques were
only used in liquid-liquid interfacial resistance studies. 
Transducer techniques have been used comparatively more recently 
by such workers as PLEVAN and QUINN (1966), and BURNETT and 
HIMMELBLAU (1970) who studied the absorption of sulphur dioxide 
and ammonia into water respectively. This work is further 
discussed later in the introduction. However, it can be said 
now that the two techniques (g) and (h) were both utilised in 
this research and as such provided a new technique of investi­
gating interfacial resistance, by using both methods simulta­
neously on the same problem.
Spontaneous interracial turbulence due to interfacial tension 
and/or density gradients.
The Marangoni effect, caused by interfacial tension gradients, 
and its influence on mass transfer have been studied quite exten­
sively since their rediscovery,by such workers as HAYDON (19555 
1957), LEWIS and PRATT (1953) and STERNLING and SCRIVEN (1959). 
PEARSON (1958) showed that if the upper surface of a liquid was 
free, then Benard type cells could be produced by tractions 
arising from the variations of surface tension with temperature 
and concentration. RUCKEKSTEIN etal (eg 1970) have also studied
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the Marangoni effect to a great extent. They showed the 
influence that surface forces may have upon mass transfer in 
fluid systems is due to the fact that they effect the hydrodyn­
amics of the region which essentially determines the intensity 
of mass exchange in the interface and its immediate vicinity.
The interface region in quiescent biphase thermodynamically 
unequilibrated systems sometimes becomes organised in so called 
roll cells. The generation of such structure is due to the 
hydrodynamic instability of the system which, as shown by Sternling 
and Scriven enables small differences in surface tension to be 
amplified by the Marangoni effect.
The classical Benard problem, that of the stability of a 
horizontal liquid layer subjected to sm adverse density profiles 
has also been extensively investigated in the past. A summary 
of this work has been given by CHANDRASEKHAR (i960). However, 
as discussed later, analysis of hydrodynamic instabilities was 
a fringe study of this research. Further information is given 
in the relevant chapter on thin pools.
Heat effects
Thermal gradients as well as concentration gradients can
cause interfacial tension/density gradients which may in turn
initiate interfacial turbulence.
Chemical reaction
THOMAS and co-workers (1967, 1969) demonstrated interfacial 
disturbances accompanying carbon dioxide absorption in aqueous 
solutions of caustic potash and ethanolamines. The relative 
importance of buoyancy and surface tension were considered.
The disturbances were so large after the elapse of a definite 
time interval that a violent disruption was seen by the optical 
system used. It was concluded that the principal effect was 
one of buoyancy. The viscosity of the solution was significant 
in determining the density differences necessary to initiate
-9-
sibility of existence of disturbances prior to the observable 
larger scale disturbances. The whole topic is further examined 
in the second part of this thesis.
It is clear that the rate of mass transfer occurring across 
gas-liquid interfaces is dependent on the local conditions 
prevailing at the interface. The presence of impurities with 
surfactant properties may critically effect the physical nature 
of the surface giving' rise to concentration dependent surface 
tension instabilities or density instabilities which result in 
convective disturbances or microflows. Quite apart from the 
possibility of such disturbances bringing substrate to the 
surface, so increasing the transfer rate, there is also the 
likelihood of eddies or microflows transporting mass from the 
interface into the liquid bulk at a rate which is considerably 
faster than that possible by molecular diffusion. Whether the 
disturbances are surface tension and/or buoyancy driven would 
depend upon the physical circumstances and the nature of the 
surfactants present.
A number of recent studies investigated these surface 
phenomena for gas/liquid absorption. Most of these studies used 
a pressure transducer technique sometimes accompanied by 
Schlieren photography. PLEVAN and QUINN (1966) investigated 
the resistance offered to mass transfer by surface active agents 
for the carbon dioxide/water, and sulphur dioxide/water systems. 
According to their observations in the case of carbon dioxide/ 
water, the gas take up started to diverge from values predicted 
for purely diffusional transport after about 90 seconds of 
exposure. The divergence after this time was quite marked and 
could only be explained by the onset of convective motion within
the substrate. The carbon dioxide/water solution is more dense 
than water and is therefore potentially unstable with respect
- 10-
to buoyancy forces. The measured time of onset of disturbance 
(90 seconds) was incorrect due to the presence of an anomalous 
temperature condition at the commencement of their experiments. 
Comparisons were also made with results of absorption into a 
gel and to desorption, which themselves are not probably 
convection free. It is unlikely the Schlieren photography 
used by Plevan and Quinn was capable of observing the disturbances 
associated with this system, due to the small refractive index 
differences involved. This point is amplified in chapter two.
An interesting discovery, however, was made by them in which 
surface active agents had no observable effects on the convection 
rates although no actual surface resistance measurements were 
made due to the small absolute absorption rates. It seemed 
possible that the presence of surface active agents had no effect 
due to the presence of impurities in the water. There is support 
for this statement in the interesting work of HICkriAN (1952) on 
the inherently self soiling tendencies of liquids, and in the 
work of WATSON (1951+) on the refractive index of carbon dioxide/ 
water solutions.
Plevan and Quinn detected quite extensive disturbances for 
sulphur dioxide/water. As this gas is 75 times more soluble in 
water than carbon dioxide, and as its aqueous solutions are much 
more dense, it is logical to expect these enhanced disturbances 
with a measured onset time of around 7 seconds compared with 
90 seconds for carbon dioxide/water. They suggested that the 
disturbances were surface tension driven coupled with buoyancy 
as the effects were sensitive to the presence of surface active 
materials. The Schlieren techniques used by BLAIR and QUINN 
(1969) would be most unlikely to detect changes in the carbon 
dioxide/water system. However they presented interesting 
calculations for Rayleigh and Marangoni numbers which are 
further discussed in the context of thin pools.
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BURNETT and HIMMELBLAU (1970) studied the effect of 
surfactants on the ammonia/water system. This system was 
especially chosen as ammonia solutions are lighter than water 
and it was presumed that under such conditions convection 
currents would be absent. Transducer pressure changes should 
therefore be more reliable for the calculation of surface resist­
ance. This may be so from the point of view of density driven 
convection currents, but whether surface tension driven currents 
exist under these conditions was not considered in detail. 
However, it was noted that the addition of certain soluble 
surface active agents to the water phase increased the absorp­
tion of ammonia. In such cases surface movements were observed 
although no visual evidence of any results of these movements 
was presented. Insoluble surface films appeared to prevent such 
instabilities.
A recent paper by THOMPSON (I97O) dealt with the absorption 
of carbon dioxide, sulphur dioxide and ammonia in water and the 
effects of surfactants on these systems. The technique used was 
again one of measurement of gas pressure change and observation 
of convection in the liquid by shadowgraph techniques (see. 
chapter two}. The carbon dioxide/water experiments were incon­
clusive as to the effect of surfactants. No cellular disturb­
ances were observed for ammonia/water but quite marked small 
scale disturbances were observed for sulphur dioxide/water. He 
concluded that surfactants interact differently with each system 
showing different types of instability and that lateral mobility 
of the surface is important only in systems that exhibit surface 
tension driven circulation. In other systems the circulation 
patterns were not changed by restraining the surface, lower 
transfer rates often being due to lower permeability of mono­
layer films.
In all the above cases Schlieren photographic techniques
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v/ere used to detect cellular movement in solution. As will 
be shown in chapter two there is a distinct limitation in the 
ability of such techniques to detect very small local changes 
in refractive index. While such techniques are therefore of 
value in demonstrating the presence of convective disturbances 
after comparatively long exposure times, they are limited in 
their ability to predict onset times which are associated with 
much smaller scale local disturbances. None of the work 
described offered an opportunity to differentiate between gas 
take-up due to molecular and convective transport.
In summing up the introduction, it is clear that even 
physical gas-liquid absorption can be quite a complex phenomena. 
With this in mind it was essential that for this study into the 
nature of gas absorption all experimental details should be 
adjusted to omit unnecessary complications in the system. Thus 
it was decided to avoid the unknown effects on gas absorption 
in flowing systems by using a stagnant system. The whole con­
cept of the quiescent liquid could then be examined in detail*
The dual optical/transducer technique perfected in this 
laboratory during the period of research was ideal to investigate 
various gas-liquid physical absorption systems of comparatively 
low gas solubility. An insight was given to the effect of 
convective instabilities on gas absorption due to density and/or 
surface tension differences. This was an important step forward 
in gas absorption.
Since the initial results of this work led to inconclusive 
evidence for the presence of convective disturbances in all the 
types of gas absorption system investigated (for details see 
Table 3.2), it was postulated that the depth of liquid pool may 
play a part in determining gas absorption rates. This query 
turned out to be a separate investigation on its own. Most of
the data and details pertinent to this study are separated into
one chapter on their own. Results for the "deep pools" are 
given together. Included with these are results dealing with 
interfacial resistance in the various systems. This involved 
in seeing the effect on the mass transfer rate of By Prox - 
a soluble surfactant manufactured by B.P.Chemicals Ltd. It is 
a 15$ aqueous solution of anionic and nonionic surfactants*
-1*+-
CHAPTER 2
THE EXPERIMENTAL INVESTIGATION OF 
CONVECTION IN STAGNANT HORIZONTAL FLUID LAYERS
Many methods have been applied to the experimental investi­
gation of convection in horizontal fluid layers, some best 
suited for determining the stability criterion, and others 
designed to study the fully developed convective flow patterns. 
Three principal types of experimental methods have been employed: 
(1 ) suspended particle methods; (2 ) optical methods; and 
(3) thermal methods. In addition, a few special techniques have 
been introduced which fall outside the above categories.
2.1 Suspended particles
It was the chance presence of suspended solids that led to 
the initial discovery of thermal convection. Later, Benard 
employed the method to the fullest extent in his classic 
research into cellular convection currents. Subsequent investi­
gators using this method improved little upon Benard*s techniques.
Suspended particles furnished a means both of viewing the 
developed flow patterns and of detecting the onset of convective 
instability, but the method is open to question regarding the 
extent to which the particles affect the phenomenon. Indeed, in 
certain experiments (CHANDRA? 1938 and SUTTON, 195c) the smoke- 
gas suspension had sufficiently different properties from those 
of the pure gases to produce anomalous stability results. Benard, 
recognizing this inherent dilemma in the use of solid particles, 
devised optical techniques for following the fluid motion in 
detail without introducing any foreign objects.
2.2 Optical methods
A fluid layer undergoing convection is optically non- 
uniform; its refractive index, being a function of temperature
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and of composition varies from point to point. As a consequence, 
light rays passing through the fluid are deflected in a manner 
which depends on the refractive index variations and therefore 
on the distribution of temperature, concentration, or both. Thus 
optical techniques may be based on analysing the behaviour of 
light refracted by the medium. If the fluid layer undergoing 
convection has a free surface, there is also a free-surface 
relief that mirrors the convection going on beneath it, which may 
be studied by analysing the deflections of light reflected from 
the surface. Both refracted and reflected light is thus used.
They may be analysed by several experimental methods outlined 
below.
2.2.1 Interferometers
When two beams of light originating from the same source are 
made to overlap, either by enclosing or by lengthening one beam 
relative to the other in the region where they cross, their 
corresponding rays generally are no longer in phase with one 
another. Thus a plane surface that intercepts the beams in the 
region of crossing will be illuminated with a pattern of inter­
ference fringes.
Numerous interferometers have been described in the research 
literature for mass and heat transfer studies, of which the 
following are listed:- Jamin; Michelson; Lebedeff; Multiple 
Beam; Phase contrast; Gouy; Rayleigh; Fabry-Perot;
Mach-Zehnder; and the wavefront shearing interferometer.(which has 
infact been constructed in this laboratory and is one of the main 
t o o l s ’ of this research). The latter three interferometers 
mentioned have been the main ones applied to the study of convec­
tion in horizontal fluid layers. At present, a Twyman-Green 
interferometer, which has not previously been used in mass trans­
fer studies is being constructed in this laboratory.
For the purposes of comparison a brief description of the
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principle interferometers is given below.
The Fabry-Perot type used by Benard which produces “fringes 
of equal thickness, 11 is shown schematically in Fig. 2.1. Mono­
chromatic light from a source S is collimated by the lens L and 
is directed vertically onto the flat horizontal glass plate G.
Here some light is reflected. The rest, transmitted by G, passes 
through the air film between the glass and the liquid layer, and 
is then partially, reflected at the liquid surface F, the remain­
ing part of the light passes through the liquid layer and is 
completely absorbed at the bottom surface which is dulled and 
blackened. If nG and h denote the refractive index and the 
thickness of the plate G, and if at a given horizontal position 
the separation between plate G and the liquid surface F is d, 
the two optical components of the ray differ in length by 
(2d + n^h). “Constructive interference," producing a bright 
fringe, occurs when this difference in path lengths is an integral 
number of wavelengths, both ray components having undergone a 
phase reversal upon reflection. In constructive interference, 
those points having fluid elevations such that the air film 
thickness is d will form bright contour lines. A sequence of 
contour lines is produced for a sequence of fluid elevations 
differing by one-half wave length of light i.e. a fraction of 
a micron.
The Mach-Zehnder interferometer shown schematically in 
Fig. 2.2, was originally primarily used in measuring density 
variations in high speed gas flow systems (LADENBURG , 195h-).
More recently, it was employed to determine temperature profiles 
in fluid layers heated from below (JENKINS and WHITE, 1957), and 
to follow mass transfer in various liquid systems considerable 
use of this interferometer has been made at the University of 
Washington, Seattle starting from LIN, MOULTON and PUTNAM (1953)
-17-
Fig. 2.1 Schematic drawing of the Faby-Perot interferometer.
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reactions, right through to LUTTON (1968) and his work on 
interfacial mass transfer in liquid-liquid systems. HARVEY and 
SMITH (1959) used a Mach-Zehnder interferometer to study the 
absorption of carbon dioxide in water.
Monochromatic light from the source S is collimated by the 
lens, L, and is directed toward the partially silvered mirror M, 
which divides the incident light into two beams, 1 and 2. Plane 
mirrors M^ and M^ direct the two beams to the partially silvered 
mirror M^ where they are recombined, part of beam 2 being lost 
by reflection and part of beam 1 being lost by transmission at 
By proper adjustment of M^ and Mq , the beams emerging from M^ 
are inclined slightly to one another so that the objective lens 
L-j will project a uniform system of fringes on the photographic 
plate or viewing screen E. The light beams are widely spaced, 
so that a test cell may be inserted in one beam without disturbing 
the other. Variations in refractive index within the test section 
will cause variations in the optical path length for the different 
rays of beam 1 , resulting in a shift in the location of the 
interference fringes.
Amongst the disadvantages of the Mach-Zehnder are the 
comparative high cost and the difficulty in aligning the mirrors, 
although this problem is overcome somewhat with the use of a 
laser which produces spatially coherent light.
Examination of the results of several workers who have 
used the Mach-Zehnder instrument indicate the minimum refractive 
index difference measurable is in the region of 10”^. Thus 
MULLIN et al (1965) stated that the maximum and minimum refractive 
index differences that could be accommodated on their Zeiss 
interferometer (similar to the Mach-Zehnder) were hxl0“  ^and
. _Ll
6XL0 respectively.
It is important to note the concentration differences that
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ical sensitivity is given byA/ SL (refractive index change), most 
interferometers do not operate at this sensitivity. As is 
explained by optical physicists such as SVENUS ON (1956), the 
reason for this is due mainly to the lack of'optical resolution 
inherent in the systems. The wavefront shearing interferometer 
contains no resolution limiting stops. It has been shown to 
differentiate refractive index differences as low as 10
2.2.2 Schlieren method
In contrast to interferometry, this method is often only 
qualitative. The technique produces light-intensity variations 
that are proportional to the gradient of refractive index. The 
basic principle of the method is that a ray of light passing 
through the medium in question undergoes an angular deflection 
directly proportional to the refractive index gradient at each 
point along its path. The deviations are then monitored. The 
technique was invented by August Toepler in l86*f, and its 
principles and the many variations to which it has been subjected 
are discussed by, amongst others, HOLDER and NORTH (1956). In 
the field of mass transfer, ORELL and WESTWATER (1962) used such 
a system to study convection during liquid-liquid mass transfer 
SPANGENEERG and RCWLAND (1961) and BERG (196^) used the system to 
study evaporative convection. PLEVAN and QUINN (1966) and 
BLAIR and QUINN (1969) used Schlieren techniques to investigate 
what they termed the onset of convection in gas absorption 
systems.
2.2.3 Direct-Shadow Method
This is the most simple technique in principle. The technique 
when applied to the study of liquids generally yields only 
qualitative information. The method detects differences from 
point to point in the second derivative of the surface elevation 
with respect to the horizontal axis, or for a refracted light
- 2 1 -
beam, differences in the divergence of the refractive index 
gradient. Direct-shadow optics are much the same as for a 
Schlieren system but with a few simplifications,
Benard originally employed the method to obtain photographs 
of free-surface relief during convection,With this method 
LEVENGOOD (1959) studied evaporative convection in pools of 
methyl alcohol, and HICKMAN (1952) studied surface behaviour 
of boiling liquids. More recently THOMPSON (1970) used the 
method for detecting convection in gas absorption systems.
2.3 Thermal and other methods
Although the optical methods are clearly superior to use 
of solid particles in studying free convection, neither technique 
proves adequate for determining quantitatively the threshold 
conditions for convective instability. This is so because the 
precise point at which convection is first detected is always 
somewhat arbitary when based on human observations. To remedy 
this situation, originally once again in the field of heat 
transfer, workers assumed that the onset of convection would be 
indicated by a sudden change in the overall heat transfer 
coefficient to the fluid. Thus SCHMIDT and MILVERTON (1935) 
measured the heat transfer across a fluid layer confined between 
parallel horizontal plates, the lower of which was always main­
tained at the higher temperature. They were able to observe a 
striking increase in the slope of the heat transfer rate plotted 
against temperature difference whenever the latter reached a 
particular value. This criterion for the onset of convection 
was both clear-cut and reproducible, and they interpreted it 
as indicating that the mechanism of pure heat conduction had 
given way to a combination of conduction and convection. 
Subsequently this technique has been applied to studies of 
convection in mass transfer. Simple theory suggests that the 
uptake of a gas being physically absorbed by purely molecular
- 22-
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square-root of exposure time. The experimental results will 
deviate from this line of take-up against i/t" if convection is 
present. Thus BLANK (1962) noticed this effect in his work on 
the permeability of several gases through monolayers. PLEVAN and 
QUINN (1966) used this method as a means of determining onset 
times of convection in gas absorption.
Other thermal methods for the study of natural convection 
have in the field of heat transfer employed temperature probes 
placed at various positions within the fluid layer. Such methods 
provide a means of studying three-dimensional effects and are 
thus particularly appropriate for investigating deep fluid layers 
SPANGENEERG and ROWLAND (1961) measured temperature profiles 
during evaporative convection with a thermopile. No corresponding 
method is published in the field of mass transfer. However, it 
was tried in this laboratory. A special probe of a DISA hot-wire 
anememometer was placed into some liquid in a special container 
and connected up to the instrument. Gas was exposed to the liquid. 
The system was known to exhibit pronounced roll-cells. No sign 
of flow was indicated by the sensitive anememometer used. Thus 
the method as such was of no use in determining the onset of 
cellular convection, but it did indicate the false image the 
highly sensitive optical equipment used created in the mind of 
the observer.
In summary, therefore, laboratory data directly applicable 
to the phenomena of natural convection in fluid layers is some­
what limited apparently because of the difficulties involved in 
the control of the experiment. The limitations of instrumentation 
requiring the presence of a sensing element within the fluid under 
study is also a contributing factor. Due to the relatively low 
intensity of convection currents in gas liquid absorption it was 
clear that no physical contact of a foreign object with the
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an optical method or, in gas liquid absorption studies, a gas 
•take-up1 technique was essential for any meaningful results to 
be obtained relating to convection in the system.
Due to conflicting results in the literature, it was clear 
that any new study of convection in gas-liquid absorption needed 
a modified experimental approach to the problem. This was 
achieved in this study by the simultaneous use of two independent 
detection techniques. Direct readings of concentration of gas 
in the liquid were obtained from refractive index data given by 
an interferometric method. Hence the amount of gas absorbed 
could be determined, at least in systems of low heat of absorp­
tion and in which there was no cellular motion. Pressure trans­
ducer techniques simultaneously gave data from which gas 'take- 
up* values could be calculated.Comparison of the two values 
given by the two techniques gave valuble information from which 
detection of convection in the liquid was made relatively easy.
A highly sensitive interferometer was necessarily used. Because 
of relatively low cost, the interferometer used was of a wave- 
front shearing type. Optically, the advantages of this inter­
ferometer are:-
(a) A sharp image of the cell is formed coincident with 
the fringe pattern.
(b) Interference takes place between light rays with a 
path difference of only a few wavelengths.
(c) The two interfering beams follow a common path through 
the optical components, thus placing only moderate demands 
on the quality of the optics and giving great immunity to 
vibration.
Further description’of both experimental techniques and 
operating procedure used is given in the next chapter.
Since the'dual' system used techniques that did not require
-2*f-
in most investigations of interfacial resistance in gas absorption 
it had great potential as a tool for examining interfacial 
resistances in systems where all hydrodynamic effects were 
eliminated. This is because during non-steady state gas absorp­
tion the effect of a surface resistance is most marked during 
the first few instants of contact before diffusional resistances 
have had sufficient time to build up. Thus, any technique of 
studying the mechanism of matter transfer at an interface and 
depending on concentration changes in the liquid must fulfil two 
requirements. First, it must be capable of determining the 
concentration distribution of a gas within a liquid quickly, 
continuously and accurately. Secondly, owing to the relatively 
small value of diffusion coefficient of a gas within a liquid it 
must be capable of analysis very close to the surface. Thus, any 
physical means of analysis such as sampling is unsuitable. There­
fore it is clear that an external means of measuring the concentra 
tion distribution is essential. As mentioned in the introduction 
and similar to the discussion on convection either precise quan­
titative optical methods for investigating interfacial resist­
ances in gas absorption have been used (by workers such as 
HARVEY and SMITH (1959) or transducer techniques have been used 
by workers such as PLEVAN and QUINN (1966), This was the first 
known investigation utilising both techniques simultaneously.
-25-
EXPERIMENTAL DETAIIS
3.1 Apparatus.
The experimental equipment was housed in a large, concrete 
floored ground-floor darkroom to minimise vibrations. The 
comparatively large volume of the room prevented very accurate
temperature control of the ambient conditions. However, tempera
otures could be kept to within - 0,5 G during a series of runs. 
Since both gas and liquid were identically thermostated, no real 
problem was presented, since it was more important that the tem­
peratures were identical rather than control of their precise 
value.
The general layout of the apparatus is shown in Fig.3.1, 
and a flow-diagram is given in Fig. 3.2. A detailed description 
of the individual parts is given below.
3.1.1. The wavefront shearing interferometer
LEREDEFF (1930) described an interferometer which would 
appear to be the fore-runner of the wavefront or 'Savart* 
shearing interferometer. In the Lebedeff instrument, polarized 
light passed through a birefringent crystal plate and was 
separated into an ordinary and an extraordinary ray. These rays 
then passed through a half wave-plate before being recombined 
by a second birefringent crystal plate. The light finally 
passed through a second polarizer before entering the user!s 
eye^  Lebedeff. used this interferometer in conjunction with a 
microscope to study the growth of crystals. Interference 
microscopes using this optical arrangement are still in use 
today.
Although the Lebedeff interferometer appears remarkably 
similar to the wavefront shearing interferometer used in this 
study, little reference to it appears to have been made over
- 2 6 -
GENERAL LAYOUT OF APPARATUS
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interferometer was first described by HRYNGBAHL (1957) together 
with accounts of its basic featurese. The theory behind the 
instrument is presented by BRYNGBAHL (1958), BRYNGBAHL and 
LJ13NGGSEN (1962) and INGELSTAM (1957). THOMAS and NICHOLL (1965) 
used the interferometer for obtaining diffusion coefficients in 
binary liquid systems. The method was re-used subsequently by 
HALUSKA and COLVER (I97O) to determine diffusion coefficients for 
the systems toluene — ► methylcyclohexane. THOMAS and NICHOLL 
(I969) also used the Interferometer to investigate interfacial 
turbulence in the CO^/aqueous monoethanolamine and CO^/KOH 
solutions systems.
The principle of the Savart type wave-front shearing inter­
ferometer is the use of polarized light in conjunction with 
Savart plates (birefringement crystal plates). A Savart plate 
consists of two uniaxial quarts crystal plates cemented together 
with their optic axis at 90° to each other, at 90° to the beam 
direction, and at ^5° with respect to the plane of the paper.
Fig. 3*3 shows how a Savart plate works in parallel light. A 
plane-polarized wave-front entering the plate is split up into 
two coherent component wave-fronts with oscillation planes 
described by the unit vectors 6 and n * respectively, and 
displaced vertically a distance b with respect to one another 
and horizontally a distance b - both in the same direction.
The amplitudes of the two component wave-fronts are determined by 
the polarization direction of the incident wave-front according 
to the rules of ordinary vector decomposition. For example, if 
the incident wave-front is polarized in such a way that the 
oscillation plane bisects the two principal planes of the crystal 
sub-plates (i.e. x -or y direction in Flg.3.3 ), then the 
component wave-fronts will be equally strong.
If the Savart plate is adjusted so as to be perpendicular
-29-
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the two wave-fronts, then b is determined by the equations 
b = eyj2 n 2 - nQ2  3.1
Where e is the thickness of each part of the double plate and 
nQ and nQ are the principal refractive indices. The Savart plates 
used in this experimental arrangement have e = lQmm. and b = 8*+.2ji. 
THOMAS and NICHOLL (1965) showed how a precision interferometer 
using only one Savart plate could be used for diffusion studies.
In this present study, the interferometer was altered with 
additional Savart plates, enabling a direct reading of refractive 
index to be obtained for some distance from the fluid surfaces.
The arrangement of the wave-front shearing interferometer 
used in this study is included in Fig. 3A .  The actual optical 
layout is shown in Fig. 3.5. The optical components were mounted 
on a total of 3 metres of optical bench, of triangular cross 
section, in two sections, resting on four steel girders bolted 
to concrete pillars. The total length of the bench was in excess 
of eleven feet. This was to allow long focal length lenses to be 
used, thereby improving the quality of the collimated light passing 
through the absorption cell. The whole assembly, weighing nearly 
half a ton, was separated from the floor by rubber blocks, as 
was the concrete pad upon which the cell was placed in between 
the two sections of optical bench. The various components in 
the optical system were attached to the bench by adjustable saddle 
stands, fitted with clamping screws.
A 250 W high pressure mercury vapour lamp operated in a 
vertical position provided a source of light. The narrow discharge 
from the lamp was focused through a short focal length condensing 
lens, LI, through a green filter thus producing monochromatic
-31-
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adjustable slit operated from 5 yu to lOyut .
To reduce the effect of stray light, these components were 
housed in an adequately ventilated light-proof structure 
(see Pig. 3.1. )•
By means of the achromatic doublet 12, and the slit, parallel 
light was passed through the diffusion cell. By 13 and D+, the 
light from the cell was collimated through the first Savart 
plates SPia and SPlb. By means of Uf, an image of the cell plane 
was obtained in the image plane 1. An optical reduction was 
also introduced by lAf to keep down the dimensions of the Savart 
plates. By means of L5, the image plane was transformed to the 
image plane 2, Polarizers PI and P2 were placed before and after 
the Savart Plates.
Details of the lenses used are given below in Table 3.1.
Table 3.1.
Lensmised in shearing interferometer.
LI Condenser system, 100mm dia. 
f = 100mm.
L2, L3 Achromatic doublet lenses, 102mm dia. 
f = 500mm*
Ik f = 100.
L5 f = 30mm.
It is beyond the scope of this work to give a deep mathe­
matical analysis of the working of the wave-front shearing
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Savart plate interferometer has been given by BRYNGDAHL and 
LJTJNGGREN (i960). The operation is basically as follows 
The first Savart plates SPl introduce a vertical displacement 
between the two wave-fronts polarized in the £  and r? directions. 
The second crystal plate SP2, in convergent light, is turned 
through 9.0° with respect to SPl, which as it so happens, in this 
connection is irrelevant. The wave-fronts entering SP2 are 
oscillating in the and rj - directions and are equally strong 
owing to the setting of the polarizer P1# The principal planes of 
SP2 also lie in the £  - and »? - directions and thus each 
entering wave-front emerges without intensity reduction, polarized 
in the same direction as before SP2. The second Savart plate only 
introduces a small angle between the wave-fronts coming from SPl.
The interference fringes become visible in the image plane 2 
by means of analyser P2 . ^2 ls ordinarily used perpendicularly
to P^ and the resulting wave-fronts interfere destructively and 
constructively according as the path difference between the two 
wave-fronts is an Integral number of wavelengths, respectively.
The interferometer used in this study produced a double image 
of the field of view and the (vertical) displacement of one image 
with respect to the other is approximately 1mm when referred back 
to the cell. The region of interest was the quantity of liquid at 
the gas-liquid interface, and at short absorbing gas-liquid 
contact times when the refractive index changes which took place 
near the surface had penetrated less than 1mm downwards.
The wave-front from the region 0 - 1mm was aberrated by the 
refractive index gradient that existed. This wave-front interfered 
with the wave-front which had passed through the undisturbed liquid 
at depths greater than 1mm. The fringes corresponded to contours 
of equal path. The geometric paths being equal, changes in optical 
path denoted changes in refractive index.
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increasing the effect of the first Savart plate with the addition 
of an identical plate. Then, because the image doubling was 
larger than the depth of the refractive index gradient, the fringe 
mapped the refractive index, not its gradient. The fringes 
mapped the change in index of the layers of liquid in the first 
mm depth with respect to the bulk liquid. This was an important 
step in furthering the use of the birefringent interferometer to 
still wider applications than before. Thus it follows
n (x) = A (m ) / s  + B ....  3.2
Where
n (x) is refractive index
( m ) / s is fractional fringe shift
A, B are constants.
In fact, B is the refractive index of the bulk, A is the 
wavelength of light used divided by the optical path length 
(or cell length).
Hence, considering the parameters as used in this study i.e.
-6* = 5*b6 x 10“ mm, cell length = 65mm, the sensitivity of the 
instrument is given by:
n (x) = 8 A  x 10“6 m + bulk index ....  3.*+
J
3.1.2 The gas Jliquid absorption cell.
Considerable experience was gained in this laboratory during 
the past in the use, design and construction of metallic cells for 
interferometric mass transfer studies. Thomas and Me Nichol (1969) 
described a gas-liquid absorption cell used by them. Their study 
was mainly concerned with interfacial turbulence, and as a result 
they did not require absolute measurement of gas absorption rates 
which was an inherent part of this study. Due to the difficulty 
in use, assembly and the multitude of possible places for a gas 
leak to occur (since it was not of a solid construction), the
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and constructed in co-operation with an outside firm of engine­
ering contractors. It had been decided that the most convenient 
method of measuring gas absorption rates in the non-flowing gas- 
liquid systems investigated was to monitor the pressure change 
in a closed system of known volume. With this in mind, the most 
important criteria in designing a new cell was, therefore, to have 
a construction which was completely gas-tight as a whole unit. 
Construction from a solid stainless steal block kept joints on an 
absolute minimum. Since there had to be a surface of liquid for 
mass transfer, a gas space above the liquid was unavoidable. This 
was kept minimal in the new cell to keep the partial pressure of 
the absorbing gas as high as possible (since inert gas saturated 
with water vapour filled this g^s space before the start of a run), 
and to ensure almost instantaneous arrival of the absorbing gas to 
liquid surface without significant total pressure change once the 
valve connecting the liquid and gas chambers was opened. It was 
of course, imperative that this valve was absolutely gas-tight 
until opened by actuating the solenoid. This was achieved with 
the aid of an efficient '0' ring seal in conjunction was a spring 
whose tension was accurately matched with the ^ u l l 1 of the 
solenoid. The valve itself was accurately machined so that it 
just protruded into the liquid chamber enabling it to be seen in 
the T.V. picture of the liquid in the cell (see Fig.3.1.) thus 
enabling the exact instant of contact between gas liquid to be 
accurately ascertained. Any shock wave due to the opening of the 
valve was eliminated by the introduction of an 'O’ ring over the 
stem of the valve.
Ease of cleaning,. assembly and flexibility of use were also 
important considerations in the design. Thus for Instance needle 
valves were provided in all liquid and gas entry and exit points
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run; the optical flats could be secured in position, accurately and 
easily in their holder due to the high precision threads machined 
in the cell body and in the holders an efficient !0* ring seal 
saved the needed for a gasket in between glass and metal. 
Flexibility of use was kept by using an extension cylinder for 
the gas compartment in cases of high take up rates-keeping the 
overall pressure drop small. Thus in summary with the aid of the 
above considerations and some precision machining, a highly 
efficient gas-liquid cell was designed and constructed. It was 
of course imperative that the cell could also, be satifactorily 
used on the optical bench. This was ensured toy choosing an 
optical path length (65mm from previous experience) that would 
give easily measurable fringe shifts, and by making sure the faces < 
of the stainless steel block were ground to be flat and parallel 
to within a few seconds of arc. The cell was also mounted on a 
special stand which enabled it's position to be finely adjusted 
on the optical bench. The test cell and stand are shown in 
Fig. 3.6, and Fig. 3.7 which shows the extension gas volume 
cylinder fitted and also the *Luer1 fitting which enables a 
syringe to be directly connected to the cell for introduction 
of the liquid sample. A section of the most important plane of 
the cell is shown in Fig. 3.8. The optical windows were 7cms 
diameter by 1cm. thick. Previous workers such as THOMAS and 
NICHOLL (1969) or CALDWELL, HALL and BABB (1957) had considered 
expensive optical quality glass plates necessary for interferom- 
etric work. By comparing results obtained using precision optical 
flats ground flat and parallel to one tenth of a wavelength of 
mercury light with those using polished plate glass, it was found 
the plate glass windows had suitable optical qualities for inter- 
ferometric work. This fact was supported by HEIDEGER and 
VASUDEV (1966).
-38-
'h'hMSi'Z
TEST CELL
I^fcHCMANOfcABLt
FIG. 3*7 THE GAS-LIQUID CELL WITH EXTENSION 
CYLINDER TO INCREASE VOLUME OF GAS 
SPACE.
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Faces Parallel 
’65mms.
1. Solenoid
2. Solenoid core.
3. Connections for pressure
measurement.
4. Gas compartment.
5. Valve stem.
6. Valve (seat with ’O' ring
seal).
7. Liquid compartment.
8. Knife edge to control
liquid level.
9. Optical flats.
10. Liquid inlet.
FIG. 3-8 SECTION OF GAS LIQUID CELL
A highly sensitive diaphragm - type pressure transducer 
( ETHER type Q'P) was connected to the cell gas compartment. The 
amplified output signal from the transducer was fed to both an 
electronic polyrecorder (chart speed up to l80mm/min.) and a 
•SOUTHERN1 U.V. recorder (chart speed up to 2500mm/sec.). The 
latter was only used to investigate the initial ten seconds or so 
of the absorption period. The output of the transducer on the 
chart was calibrated by means of an inclined water gauge manometer 
or inclined mercury manometer for the higher pressure readings.
The accuracy of measuring a small pressure change in a fixed volume 
to determine gas absorption rates was verified by successfully com­
paring the transducer pressure change with a chemical analysis of 
the liquid in the cell after a fixed time of absorption. (The 
calibration charts and chemical analysis data are shown in Appendix 
B.) At the lower range of pressure reading the sensitivity of the 
transducer was such that a change of pressure of 1.6mm. Hg between 
either side of the diaphragm would produce a full-scale deflection 
of 100 divisions on the chart of the electronic polyrecorder. Thus 
very small gas absorption rates could be studied.
The valve inbetween the gas and liquid chamber in the cell 
itself was opened electro-magnetically. A soft-iron core on top of 
the valve stem was magnetised by supplying power to a 12 volt rated 
D.C. "Lucifer" solenoid. The power-pack for the solenoid incorpo­
rated a swithching mechanism that allowed the initial power supply 
to the solenoid to be 27 volts. This was needed to overcome the 
initial resistance of compressing the spring on the valve stem which 
pressurised the valve so forming an efficient seal. Once opened, 
the valve was easily held open by the solenoid with only 12 volts 
power supply. As is the nature of such devices, the solenoid became 
hot in time. This was of concern in that the experimental parameter 
being recorded by the transducer and used in evaluation of the results
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was a drop in pressure of a constant volume at a constant 
temperature. It was imperative therefore that the solenoid did 
not produce any spurious temperature effects. It was shown, 
however, by sealing a copper/constantan thermocouple in the gas 
space and recording the amplified signal on a chart recorder 
whilst the valve was open, that no spurious temperature effects 
were introduced by heat liberated in the solenoid until at least 
four minutes after it had been actuated. Since the results 
required in this study were at times far less than four minutes, 
no problem arose over this point.
The importance of obtaining permanent records of inter- 
ferograms with sufficient clarity and magnification was of course 
a basic necessity in this work. This task was achieved with the 
aid of a closed circuit T.V. system in conjunction with a suit­
able cine camera. The image plane 2 (see Fig. 3.5.) was focused 
onto the vidicon tube of a Pye T.V.T. '^Lynx11 automatic T.V. 
camera. This light weight camera provided good quality pictures 
for long periods of time. It was operated on 625 lines 5° 
fields/sec.
The camera was fitted with a suitable number of extension 
tubes, keeping the amount of stray light reaching the vidicon tube 
to a minimum. This was essential to obtain a maximum contrast 
of figures. The signal from the camera was fed to a Pye T.V.T.
19 inch video television monitor, type 191, operating on ’625 line 
standard. The monitor was equipped with six channels.
The magnified image of interference bands was recorded by a 
Beaulieu Bl6 electric cine camera fitted with a '•Sync” electronic 
regulation system ensuring accurate film drive essential for 
synchronisation of film speed with the T.V. scanning beat.
The film used was Ilford Mark V cine film with an A.S.A. 
rating of 200.A !Dallmeyer! Ultrac Anastigmat lens (F = -lins. f/O.98)
-^3-
used on the cine camera^
3.2 Experimental procedure.
The optical flats were always soaked in a 
chromic acid-sulphuric acid bath overnight to ensure elimination 
of all grease. The metal surfaces of the cell in contact with 
liquid were thoroughly .cleaned before each run firstly with fine 
jnetal polish, then washed well in a warm detergent mixture, well 
rinsed with distilled water and dried with methanol and an air 
line. This procedure ensured a clean grease free finish to the 
parts of the cell which were to come into contact with liquid.
The cell was then assembled and mounted in its position in the 
optical bench, where it was accurately levelled to ensure light 
would go through the cell parallel to the liquid surface. This 
important point was checked optically to ensure perfect operation 
of the interferometer.
The liquid compartment was then purged through with nitrogen 
saturated with water vapour at room temperature.
Water used in the runs was distilled, de-ionised to a manu­
facturers specification of less than one p.p.m. of carbon dioxide 
and finally vacumm degassed. Only nitrogen was let into the 
vacumm chamber once the vacumm was released. A known volume of 
water was then injected into the liquid half of the cell using 
a calibrated syringe. This volume was a maximum volume that still 
allowed the valtfe protruding slightly into the liquid chamber to 
be seen. The cell was sealed and left for some time to attain 
thermal equilibrium at the room-temperature. Generally, analyti­
cal grade reagents and gases were used if possible. The gas was 
usually stored overnight in an aspirator to ensure its saturation 
with water vapour and also to allow it to achieve thermal equili­
brium. Before commencing a run the gas half of the cell was 
purged with this gas for five minutes. This time was ascertained
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high capacity for absorbing carbon dioxide was injected into the 
gas space after it had been purged with carbon dioxide which was 
very soluble in it. The whole volume of the gas space was almost 
filled by the amine showing only carbon dioxide was present i.e. 
indicating an efficient purge. The cell was left for a further 
time to ensure thermal equilibrium was reached. The liquid tempera­
ture before admission into the cell was noted, the gas temperature 
was shown by a thermometer sealed into a vacumm flask through 
which the gas passed before entering the cell.
If a toxic gas was used, it was not stored in an aspirator 
to obtain saturation. Instead, it was passed straight from its 
cylinder through several Dreschel bottles containing water to 
saturate it and then into the cell. The purge was carefully con­
trolled. Escape of toxic gas was realised to hold considerable 
potential danger. The purge was passed into wash bottles contain­
ing a solvent in which the gas was very soluble e.g. sulphuric 
acid for sulphur dioxide. Finally the gas purge stream was passed 
through an aspirator through which air was passed sweeping away 
any final traces of the gas to atmosphere.
W.hilst the cell was left loaded to ensure thermal equilibrium, 
the optical bench was adjusted if necessary to assure good fringes 
in focus were seen on the T.V. screen. If any adjustment was 
needed it was usually lens< L5 (Fig. 3.5.) or the exposure/focus 
controls of the T.V. camera. The loaded cine camera was checked 
to ensure sufficient charge in the battery and the focal length 
and aperture of the lens was correctly set. These values were 
usually one metre and f^ respectively under normal running < 
conditions.
The cine camera was set running, the speed being synchronised 
mannually to the scanning beat of the T.V. set, (which was 25 
frames/sec), the recorders started and the solenoid actuated,
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gas and liquid thus starting a run.
3*2.1. Thin pools.
With regards to thin pools, due to the high surface tension 
of water, it was not possible to spread very thin layers onto a 
metal surface - even though every precaution was taken to ensure 
an absolutely clean metal surface. Since the initial part of the 
research had shown that soluble surfactants have minimal effect 
on the absorption of carbon dioxide and acetylene into water, it 
was decided to reduce the surface tension of water by the addi­
tion of a soluble surfactant. Of the surfactants available in 
this laboratory, it was found that a solution of 3$ Kodak wetting 
agent gave the best results. Photographic wetting agents are 
generally nonr-ionic in nature, and it was assumed that this 
soluble surfactant would not have a marked different effect than 
the one used in previous studies. In any case, only the runs * 
in these series of runs were compared to each other. Earlier 
research indicated soluble surfactant considerably lowered the 
absorption rate of sulphur dioxide. With this in mind only pure 
water was used in these runs resulting in a higher minimum pool 
depth - but this was less relevant in that the convection was 
far greater in this case anyhow. The basic cell was used in 
conjunction with the electronic accessories, and for sulphur 
dioxide runs with the optics as well.
It was impossible to firstly spread very thin films in the 
cell and secondly to view them optically, keeping the inert gas 
space minimal. Thus it was decided to sacrifice the optics for 
investigating the very thin films, A. special container was 
constructed from stainless steel for this purpose. It*s dimensions 
were such that just reached the maximum liquid height used in 
fdeep pool* runs. In its top was a precision 3mm. deep hole 
perpendicularily milled and then ground smooth. For the sulphur
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dioxide runs une pool deptn was reduced oy placing different 
numbers of specially made stainless steel blanks into the cell 
liquid space.
Fbr each run, freshly vacuum de-gassed solution prepared 
with distilled water was run into the thoroughly cleaned trough 
from a micro burette. Knowing this volume and the trough 
dimensions, the pool depth could be estimated assuming an even 
liquid film spread over the trough floor. The cell was accurately 
levelled to ensure an even film was infact spread. The run was; . 
then operated as before in the *deep pool* results.
3*3 Systems chosen for investigation.
The gas-liquid absorption systems examined are shown in 
table 3-2.
Table 3.2
Summary of the gas-liquid absorption systems studied.
SOLVENT COMMENTS
C\J
oo
Water System extensively examined includ­
ing by HARVEY and SMITH and PLEVAN 
and QUINN (1966). Also examined 
with addition of 1% By-Prox soluble 
surfactant to water. Thin pools.
C°2 Aqueous glycerol 
solutions
Various densities and viscosities. 
Used to investigate viscosity effect 
on damping convective disturbances.
C2 H2 Water Solution lighter than solvent.
Hence no buoyancy driven convection. 
Effect of By-Prox and pool depth 
examined.
m 3 Water Common system benefiting attention 
with dual transducer/interferometer 
analysis. Effect of By-Prox examined.
S 02 Water Most common system, showing cellular 
convection visible by normal optical 
techniques. Effect of By-Prox and 
pool depth examined.
co2 Propylene
carbonate
Interesting comparatively viscous 
fluid having high CO^ solubility.
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CHAPTER FOUR
ANALYSIS OF DATA
The data taken in this study were examined in several dif­
ferent ways and may be represented in various forms, such as con­
centration profiles, absorption curves etc. The various methods 
used are discussed further below.
All optical experimental results were obtained from observa­
tions recorded by analysis of interferograms of the gas absorption 
process recorded on cine film as described in the section of the 
thesis concerned with practical details. The 16mm. film recording 
the process, once developed, was run through a frame analysing 
projector (a mute projector with frame counter, individual and 
variable speed projection incorporated). The number of frames 
between lifting the valve and any point thereafter in the absorp­
tion' process was then able to be accurately determined. Hence, 
for instance, the time before the onset of interfacial disturbance 
in those systems that exhibited cellular-type convection could
"f*be reckoned to within - 0. ON- seconds (1 frame). Once it was 
decided which frames needed further analysis, the film was either 
magnified up to 100 times on a shadow-graph, from which a permanent 
record of fringes could be obtained with the aid of transparent 
graph paper (enabling the curved fringe to be. sketched) or the 
frame could be enlarged and printed on appropiate photographic 
paper. The transducer results were obtained by direct reading 
of the pressure calibrated charts upon which the transducer 
signal was recorded.
If.l. Rractial Interpretation of results
A typical simple fringe as seen in physical absorption studies 
is shown in Fig. lf.1. Whether a fringe bended to the left or
-1*9-
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m
gas-liquid interface
typical fringe
iii Typical diagram of fringe shift expected for CC^/water. 
P.P.CO2 = 760 m.m.Hg 25°C, c* = 0.033 g mole/1.
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whether the refractive index at a point on the fringe had a smaller 
or larger refractive index than a point 1 mm. below it. Throughout 
this study the optical arrangement was such that a bend of the 
fringe to the right indicated an increase in refractive index at 
that point compared with the solution li.mm. below it. The fringe 
spacing * s* was a function of the optical geometry of the system. 
The fringe shift depended upon the concentration of gas in the 
Solution at a level (x + l) mm. Where the fringe became straight 
was denoted by x f. Providing x^ < 1 mm. then ny + 1 was always the
refractive index of the original solution in the bulk. In this 
case, n^ was a direct measure of the refractive index of the solu­
tion being examined at level x.
i*.l.l. The sensitivity of the interferometer
The wavelength of light ( X ) used in the interferometer was
—O
5.lf l  x 10 nanometre. Now, supposing the fringes were displaced 
by an amount equal to one fringe spacing. Then the total light-
path through the cell at this condition would have increased or
decreased by one wavelength.
Original lightpath = l.nQ................. .... If. 1
Where 1 is the cell path length
New path length = l.nt ....  if. 2
at time t
But,
lnt = ln0 + X = lnQ + 5.1*1 x 1CT5 .... l*.3
With a cell of pathlength 65 mm., the change in refractive index 
( A n) is given by
A n  = n. - n_ = * = 5 A l  x 10"5
* 0 1 ^~65----
=.8.1*7 x 10-6 ..... i*.i*
This is for a fringe shift of one fringe.
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' ^.1.2. Relationship between area under_£rlnee and gas take-up
Generally, the dependence of the refractive index of gaseous 
solution on its solute concentration has not been established.
This is a greater problem than first appears because of the small 
refractive index differences involved and the sensitivity of re­
fractive index to temperature*,
It is clear therefore that such measure­
ments can be obtained with reliability only if precisely controlled 
conditions are used in a highly sensitive apparatus. Under such 
conditions WATSON (195^) using a Rayleigh interferometer published 
a correlation between the refractive index and concentration of 
aqueous carbon dioxide solutions. This is:
- 1+.6 A n  = 5.1 x 10“3 c............ ....
C is the carbon dioxide concentration g.mole/litre
Equation b.b is for a fringe shift of one fringe
For a greater number of fringe shifts, it follows
A n  = 8.^ -7 x 10“6 m  **.6.
s
Where m/s is the fringe shift in fringes. Comparing equations 
k.5 and *+.6 gives
€ = 7.68 x 10"3 & ....
s
For example, in the case of carbon dioxide, at 760mm. 
mercury pressure, 25° C, C3* = 0. 033g. mol/1. From equation 
under these conditions the-value of m/s at the surface should be 
b fringes. This is shown in Fig. b.l.
When considering the other systems studied, since such 
precise equipmeht as Watsons’ was not available in the laboratory 
of this study, highly accurate refractive index measurements 
were not possible. However, a Pulfrich refractometer capable 
of showing refractive index changes of the order.in magnitude 
of 2 x 10-5 was available. This instrument was used in conjunction 
with a heated water bath incorporating a thermostat capable of
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which the water was pumped to - 0e 05 C. If this instrument showed 
no difference between a liquid and the liquid saturated with a gas, 
equation k.7 was used for the concentration - refractive index 
relationship. Analysis of results confirmed this to be an accept­
able approximation. A summary of data is given in appendix A.
On the basis that at a depth of (x + 1) mm. below the gas- 
liquid interface there is only pure water, then at a depth x mm. 
the fringe gives a value of mx and m^/s which (from equation b.7 
gives a value of c . The area A, under the fringe, is equivalent 
to:
x = X  f
* E  ”,  1*-8
A
x = 6
The gas absorbed optic is given by
x..=...Xf
Hf. optic = c.x......................... .... If. 9
where x is in cms.
It follows from equation ^.7>. for carbon dioxide and other 
systems where this equation is used
Mt optic = ,10 ^ y *    If. 10
x = o
Where the summation is the physical area measured 
and s the fringe spacing; both measurements corrected for magnifi­
cation factors.
The point of intersection of a fringe with the interface 
(Fig.If. 1,) defines mg. Providing no gas penetrates deeper than x^, 
where xf < 1 mm., then mg/s can be used to find cg from equation 
k.7. This is the absolute value of c at the interface as given by 
the optics. It is denoted c optic.
S
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M -.l-J. Trans_dne eiLJ^isulte..
The amplified signal from the transducer was fed to an 
electronic poly recorder and/or an Ultra-violet light recorder.
The output voltage on the poly recorder needed for a full scale 
deflection could be adjusted from 5° mV to 5° V. The scales used 
in this study were 100 mV through to 5 V. The method of chart 
calibration is given in Appendix B. The uV. recorder could be 
calibrated from the poly-recorder. From an accurate knowledge of 
the gas space volume, elimation of all gas leaks and the calibration 
charts of known chart speed, the average amount of gas take up in 
a finite time interval could be ascertained. The free space above 
the Hquid in the absorption cell contained pure gas saturated with 
water vapour. As absorption proceeded the number of moles of gas 
in the constant volume gas space diminshes thus:-
The last term is in fact the gas absorbed. Assuming the ideal 
gas laws apply to the system and neglecting any increase in gas 
temperature due to any cause e.g. heat of solution or reaction, the 
gas take up can easily be found from the decrease in pressure 
recorded. If V is the gas space volume, the pressure of which is 
reduced p. mm. in t seconds:
The justification for assuming constant gas/liquid tempera­
tures is given in Appendix A.
If. 2. Theoretical Equations
For comparison, the method of approach usually found in 
previous literature for problems of a similar nature is used here. 
Assuming an interfacial resistance to mass transfer exists, 
equations have been proposed by CHIANG and TOCR (1959) based on 
comparable equations for heat conduction developed by CARSIAW and 
JAEGER (1959)5 used by such workers as HARVEY and SMITH (1959) and.
*f. 11
Mt trans = ^  x x ^ q  2 22. ^ x  10“^- I  v Io g.mols K-
c nr
If. 12
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summarised r e c e n t ly  Dy jjiiJMu&wujniD ^xyyu^.
The interfacial resistance (l/k_) can be defined for conve-b
nience by an equation of the following form:
I f  ) x  =  o  =  k s  ( ° 3‘' "  }
^.13
Fickfs diffusion equation is given by
= D
dt
2
iLji
b x.:
b.lh
Considering diffusion occurs across a gas-liquid interface 
in to a semi-infinite pool with the usual boundary conditions and 
also including equation If. 13 as an additional condition, then the 
solution to the equation can be written;
c — C | X 0. = erfc
_3?c - c_
exp
D
erfc
At the surface x = o and equation If. 15 becomes
cs -  °0 =
e* - c_
1 - exp | s erfc | k.
h
if. 15
..... if. 16
Further, when in the initial condition cQ = o, then
1 - exp I s \ erfc I k.
J i If. 17
Equation If. 15 can be integrated to give the total take-up of
gas. When cQ = o
When the second term in the square bracket approaches zero,
then c. HARVEY (1959) expanded this term and suggested the
simplification that when k /_ > 3
D
D
at
b. 19
On the basis of equation 19 a plot of cg against 1>4/1 
should give a straight line intercepting the c_ axis at c , theS
slope, of the line yielding 1/k .O
To broaden the analysis, another set of solutions (based on 
comparable heat conduction equations solved by Carslaw and Jaeger) 
not often referred to and given by CRANK (1957)5 whose name is < 
donated to them in this thesis for reference only, were considered. 
Laplace transform solutions to the diffusion equation are presented 
for diffusion into a semi-infinite medium with initial concentration 
zero and a surface concentration which is time dependent.
The two cases used are quoted here.
case (i) cv _ rt= k t ( l s =  constant) x — o if.20
c = kt ;i+v
2Dt
erfc(
■ M
_JL_ expj H.}
tfnDtr I toti
Mi. crank = kt
x  3 V  n
case (ii) cx _ = kj.t (k = constant)
exp -x
l*Dt
- —  p i
2 v Dt
erfc
mrnrnmmtm
M. crank = i  kt^IID
b.21
b.22
b.23
h-. 2b
if. 25
If the values of c and M^ can be determined experimentally
then the concentration profiles can be examined.
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*+. z. i. use or tneoreuicai equations
The solution to the diffusion equation with equation *f. 13 as 
a boundary condition is a theoretical one which requires a knowledge 
of c5 , D, t and k g to calculate M^ . calc. Of these values, the one 
in greatest doubt is kg. It would therefore be of interest if kg 
could be eliminated in such a way as to calculate calc from cg 
optic. This Mt calc value could then be compared with optic 
and Mj. trans.
Letting Z = kg  If. 26.
W = ksV-n............................. ..... b.27.
e* D
X = 1 - es erfc 2 ..... H.28.
then equation *+.18 can be re-expressed as
M,. calc = 2_g - I S  X  k.29.
W .W
The relationship between X and 2 in equation 28 is given by 
CRANK (1956, table 2.1)
From equations *+.26 and k.2y.
- = c* J £ L   if.30.
w y n
and W = ^  ./ n
C* ! Dt .... If.31.
From equation *+.17.
x = fa, 2Z= (1 - e erfc 3)  lf.32.
X  = o
The values of (cg optic/c*) are available from the shadowgraph 
traces , so that X is known at each value of t and so therefore is §£* 
Thus knowing c*, D, t, cg optic, x, 2, 3/W and so , these
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values can be used to find M^ . calc, from equation ^f.29* Also, 
k s can be calculated from e q u a t i o n ' 26.
^•3 Thin Pools.
Since the S02~water system has received considerable in­
terest in the experimental examination of the stability of fluid 
layers, it was considered to be relevant to investigate the 
importance of film thickness on the stability of fluid layers 
in this system. The other systems reported in thin pool studies 
did not exhibit any cellular convection on the apparatus used 
and thus could not be included in the instability analysis.
V.3.1. Theoretical analysis.
MAHLER et al (1968) concluded that the quasistationary 
approximation used by previous workers did not apply to problems 
as considered in this work because the developing concentration 
profiles are changing on the same time scale as the perturbations. 
Because of this the MAHLER (1968) analysis was necessarily the 
one primarily considered in this study. MAHLER and SCHECHTER 
(1970) examined the stability of a liquid layer of thickness 
!d f absorbing gas from above with the gas rich liquid being the 
more dense. The time of the first observed sign of instability 
was termed the critical time. This critical time depends on 
both the modified Rayleigh number, R, given by:
the Schmidt number (Sc= -g- ) and the wave number. The 
critical time is defined as the time required initial pertu- 
bations to be amplified by a factor of 1000, with certain 
conditions as outlined by MAHLER (1968) including a value of 
1000 for the root mean square vertical velocity component.
Another approach to the problem, first proposed by BALL
-5 8 -
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study on thin pools. For transient mass transfer, the depth of 
penetration of concentration wave into an infinite solvent is 
proportional toWDt. If the characteristic dimension appearing 
in the Rayleigh number is replaced by this penetration depth, 
the critical time would be given by that time required for the 
time-dependent Rayleigh number to reach a certain critical 
value. This time-dependent Rayleigh number is defined ass
Rt = gApD^ t 3/2 k.3k
Where tc is the dimensional critical time, related by 
definition to the dimensionless critical time by:
M 5
It follows from equations V .33 to *+.35
Rt = r crc3/2
The critical time of instability should become independent 
of the depth of liquid when it becomes deep enough so that the 
concentration wave does not have t i m e t o  reach the bottom of 
the pool before the initial instability starts. At this depth, 
further increases of the depth should not change the dimensional 
wave number,the dimensional growth rate or the dimensional 
critical time. Thus, if R^ is constant, equation *+.jg# predicts 
R <e yc * 1+.37
which must be satisfied for sufficiently large values of 
d for this analysis to be applicable. If the concentration wave 
reachesthe lower boundary prior to the onset of observed in­
stability, the conditions at the lower boundary will influence the 
development of the instability. In this case a time dependent 
Rayleigh number cannot be used in describing the development of 
instability.
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CHAPTER FIVE
RESULTS
The results are recorded in terms of the gas absorbed 
except for the case of the ’thinpool1 series of runs for which all 
experimental results are presented together in a separate chapter. 
It must be emphasied here that for the optical results obtained 
to have a complete meaning in relation to gas absorption studies, 
temperature effects should be insignificant. This was enforced 
practically by ensuring similar temperatures for gas and liquid 
before absorption commenced. Heat liberated by the absorption 
process for the various runs considered is tabulated in appendix A. 
In some cases where this is significant, interpretation of the 
fringes becomes very difficult, and no results can be presented 
with any meaning. However this point is mentioned as and when it 
crops up.
5.1. Carbon dioxide
A typical group of shadowgraph curves for C02 water are shown 
in Fig. 5.1. Each curve is a direct trace of one fringe at a given 
time interval from the instant of exposure of gas to liquid. 
Complete sets of such shadowgraph tracings were obtained from 
selected stills - a series of which have been printed in Fig. 5*2 - 
obtained by analyising the.cine film of the run as described 
previously. Several runs in the series were made and were shown 
to be reproducable within the small error of ’reading’ the cine 
film.
From the areas under these curves were obtained the values 
of the take up of gas by the liquid as defined by optic in 
equations *+.9 and *+.10. Also from the shadowgraphs values of 
m_ and m /s could be recorded. In this way values of ce opticD O b
were obtained from equation *+.7-
The values of c optic obtained from the fringe patterns
w
-60-
/T i m e  secs
m
interface
straight fringes
Fig. 5.1 CC>2 - Water.
An example of direct shadowgraph traces from chosen 
negatives.•
Each curve is the relative refractive index profile' 
• from the interface into the bulk liquid. 
Magnification - 100:1 T = 21 C p.p. CCU=585 m.m.Hg
P = 763 m.m.Hg
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can be seen that c optic is a function of time. Plots of c trues s
against time are also included in Fig.5.3. for purposes of 
comparison. Their significance is discussed later in the context 
of convective disturbances, section 6.1.
5.1.1. Comparison of values
At first, it is easier not to include the results for CO^ 
absorption into water/By-Prox solutions. The CO^ take-ups as a 
function of time are shown in Fig.5.^. Several observations can 
be made:
1) trans >  optic.
2 ) Mj. optic reaches a constant value after about 60 secs.
3 ) Mt trans continues to increase with respect to time
after the fringes have stopped changing their shape.
*+) Mj. trans >  M^ . calc >  M^ . optic.
The approach to a constant fringe position is demonstrated 
in Fig.5.1. where little or no difference exists between the actual 
shadow-graph curves at t = 62.5 to lh-9. 5 secs.
With regards to Crank!s equations, assuming each m value atO
a given time t can be directly converted to c values, then c_
b b
against t or \|t plots can be established. From Fig.5.3., con­
sidering the CO water curve as measured (c optic), when t <  H-0 secs
b
can be obtained the coefficient k (equation **.20). This can now 
be substituted directly in equation *+.22 to give M^ . crank. These 
values are shown in Fig. 5*5.
The value of the coefficient k in equation k.20 is dependent 
on c . The true value of c_ is probably greater than c_ optic as
b b S
Mj. trans >  M^ . optic. In this case the take up given by the Crank
solution based on c_ optic will be too small even though the dis-
tribution of concentration in the solution in the two cases are the 
same.
Above kO secs the correlation is less acceptable and above
-63-
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002 - H20
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Pig. 5.3 Surface concentrations for the absorption 
of C02.
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O M * trans
c a l c
50
Time secs
Fig. 5.4 GOp - 7/ater.
Comparison of take-up of 002.
. trans ) experimental
optic ) calc, (theoretical)
c* = 29 x 10~^ g mole/cc, T = 21°G
P = 763 m.m.Hg, p.p. C02 = 585 m.m.Hg
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\50
Time secs
1 0 0
A optic o Orank case (i) c=kt| M^=4-/3 k(t
• Orank case (ii) c=kt2 M^=~..kt y / x i k 
kig 3 . 5  0 0 2 -  v.rater.
Comparison of take-up of OOp measured directly from 
optical fringe (I.T, optic) v/ith M. calc, based on Crankfs 
equations.
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with respect to time.
The effect on CO^ absorption of By-Prox in the water can now 
be looked at more closely. In Fig.5*6. are given the values of 
C 02 take up.
trans CO^/water >  trans C02/water/By-Prox. 
optic C02/water< M^ . optic CO^/water/By-Prox.
The difference between the M^ . trans and M^ . optic values is 
referred to as eddy. Its significance is discussed later.
5.1.2. Surface resistance
From Fig.5.3- it can be seen that?
c water <  c„ By-Prox solution.s s *
It follows from this that the surface resistance should be 
greater for water than By-Prox solution, and this should be 
reflected in the I/k value. This seemingly anonomalous resultb
signifies that the addition of % -Prox to the water lowers the 
surface resistance.
One immediately suspects that the gas absorption process and 
the effect of the surfactant is far more complex than one imagined. 
This problem is also discussed at a greater length in the next 
chapter. From Fig.5.7- it can be seen that the values of x f are 
less for the By-Prox solution than water. This could be due to 
viscosity effects on diffusivity. Surface resistance values (l/ks ) 
were calculated from equations k.26 to ^.32, using cg true/c* 
values to give more realistic figures. As mentioned previously, 
the full significance of using ac_ true value rather than c opticS b
is demonstrated in the next chapter. The relationship between
l/ks and t for C02/water and C02/water/By-Prox is given in Fig.5.8. 
C 02/ water:
I/ks 765° - 3^20 s/cm t = 10 - 60 sec
C 02/wa ter/By-Prox:
l/ks 7 3 -  2760 s/cm t ■= 10 - 60 sec.
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0 2 0 4 0
T imeCs ecs. )
T = 
(a)
21°C P =
= 29 x 106 
Mt trans
760 m.m.Hg p.p. OOp = 
g.mol/cm-^
. co2 - h2o
tt>) trans dn2 - v  o -  Hy Prox
(e) Mt eddy co2 - h2o
(a) eddy GO, - H20 - Hy Prox
(e) optic 002 - H20 - Hy Prox
(f) optic co2 - h2o
Fig. 5.6 Total amount of CO^ absorbed.
60
585  Tn.ra.
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20  4 0
T i  m e  C s e c s . )
6 0
Fig. 5.7 Variation of optic penetration depth of 
0Op with time
10 GO,
p.p.C02 = 585 m.m.Hg
6 020  4 0
T i m  e f s e c  s. )
Fig 5.8 Absorption of 00^ interfacial resistance values 
from equation 4.26 based on cg true values
A GOp - H2 O * OO2 - H2 O - By Prox
© T = 21°G P = 760 m.m.Hg p.t>. C0« = 585 m.m.Hg
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greater than that of the By-Prox solution. It is also shown to
vary with time. The other most interesting fact is that for
1 soluble surfactant* (and water itself may possibly be included
in this category) the highest surface resistance occurs at the 
lowest times, Extrapolating back to zero t gives:
C^/water T/kg = 10,000 s/cm
CO2 /water/By-Prox l/ks = 9*000 s/cm
It was also shown by BUBNETT and HIMMELBIAU (I97O) in their 
ammonia/water studies that 1/k was a function of t.o
5.1.3* CQ2 a bsorption in aqueous glycerol
A complete set of experiments were carried out using both 
optics and transducer with CO2 aqueous glycerol solutions. A 
series of stills from the cine film are shown in Fig.5.9. The 
experiments with pure water are also included in Fig.5.10 for 
comparison. All the glycerol solutions examined are not included 
as the result was progressive. It can be seen that the difference 
between the take up values for transducer and optics is greatest 
for water and diminishes as the glycerol strength is increased.
For glycerol solutions the fringe continues to change after 60 secs 
whereas for water it freezes. Against this there is a decrease 
in total take-up as the glycerol concentration increases. Around 
b6% strength glycerol it becomes more difficult to measure the 
optic value of take up with reasonable accuracy due to the small 
fringe area or take-up. The set of curves do however show fairly 
convincingly that as the glycerol strength is increased the trans­
ducer and optic curves approach each other as compared with the 
difference shown by pure water. If the fringe area could be 
measured sufficiently accurately it is highly probable that the 
transducer and optic take-up could be shown to agree.
5.1.If. CCU - prop.vlene carbonate
This system is of particular interest as it is a comparatively
-70-
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With the much greater solubility, the take-up of CO^ by the
propylene carbonate is rapid and the studies had to be made over
much shorter time intervals than for the other runs. However, the
equipment used was capable of producing good results. The fringe
patterns obtained are shown in Fig. 5.11* values are shown in
Fig.5.12. and the optic penetration depth x f ,is given in Fig.5.13*
As in previous cases, the surface resistance V k g was calculated
from equations k,26 to *+.29 and the values are given in Fig. 5.1*+.
The surface resistances are seen to be very high especially at
low times compared with CO^/water (see Fig.5.8.).
Experimental values o f c aga in st x are p lo tte d  in  F ig .5 .15*
for t = 1.6 secs (the longest time possible for meaningful
interpretation of fringes since after this time x f >  1mm. (See
discussion in next chapter) By putting t = 1.6 sec. in equation
21 (Crank) with the appropriate k value found for a plot of
c V v__ . versus t, then c values are obtained for the case ofs x— o
molecular diffusion into a semi-infinite medium with variable 
surface concentration. Similarily from the Carslaw and Jaeger 
solution from equation ^-1?. Both these results are also shown in
F ig .5 .1 5 .
5.2. A c e t y1ene-wa ter
MILLER (1965) has given data on the density of aqueous acety­
lene solutions. These solutions are shown to be less dense than 
water at the same temperature. This result has been confirmed in, 
this laboratory. The fringe pattern for C2H2/water absorption 
bends in the opposite direction to that for C 02/water as might be 
expected for the CC>2 solution is less dense at the surface than in 
the bulk. A series of fringes from single frames of the cine film 
of the run is shown in Fig.5.16. Some of the corresponding fringe 
patterns are drawn in Fig.5.17* The experimental values for co
optic are given in Fig. 5.18. and the values of x f (m/s = 0) at
-73-
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Fig. 5.13 Optic penetration depth of 002^  into propylene 
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By-Prox results are included in both results.
The take-up of as measured directly by the pressure
transducer and from the area under the fringe curves(i.e. M. optic) 
is shown in Fig.5.2,0. Also included are points for M^ . calc 
evaluated from equations *+.29 and *+.22 for the Carslaw and Jaeger 
and Crank solutions respectively. It can be seen from Fig.5.20. 
that agreement between trans and optic for the 
solution is very good. It follows that the fringe must give a true 
representation of the concentration distribution. The derivation 
of crank can be easily explained further. From Fig.5.18., for 
values of t «  30-*+0 secs there is a linear relationship between 
c_/x=o and t and the Crank equation *+.20 applies. For such a caseo
the concentration profile is given by equation *+.21. If a value 
for k is obtained from the slope of the line in Fig.5.18. up to 
t = 3° secs (which for practical purposes is a long time interval) 
then from equation +^.22 values of crank can be obtained.
In Fig.5.21. are plotted values of c optic versus x for 
t = 25 secs, a time so chosen that any error in reading c optic 
would be minimal. On the same graph are plotted values of c calcu­
lated from equations *+.22 for Crank and *+.15 for the Cars law and 
Jaeger solution.
The values for the surface resistance 1/k can be calculated
b
from cg optic, cs , D and t using equations k.26 to *+.29. The 
values of 1/k as a function of t a r e  plotted in Fig,5.22.
b  ,
5 .3 . Ammonia-water.
In this study several interesting results were obtained, but 
it was outside the scope of this work to attempt a full investiga­
tion of the phenomena observed. Some of the photographic stills 
are presented in Fig.5.23. as direct evidence of the unusual 
nature of the process. The results are for the By-Prox solution 
which exhibited a more pronounced Marangoni effect. In Piig.5.23
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surface denser than the bulk liquid, whereas Fig.5.23d is typical 
of a case where the surface is lighter than the bulk except for 
the fact that the fringes reverse in the bulk. The situation is 
remarkable and is difficult to explain. It could be due to 
several complicating factors Fig.5.23c gives an illustration of 
the sort of visible surface disturbance produced.
The transducer take-up values for NH^/water and NH^/By-Prox
are given in Fig. 5# 2*+. The technique used enabled measurements of
take-up to be made between 2.5 to 3° secs. At t = 6.5 secs,
—6 2= 13 x 10" g. mol/cm giving an average rate of absorption of 
—6 22 x 10“ g. mol/cm . The presence of By-Prox appeared to have 
minimal effect on the take-up rate.
5**+ Sulphur-dioxide/water
The values for the take-up trans with instantaneous
exposure of gas to liquid are given in Fig.5.25. It can be seen
that the presence of a soluble surfactant (By-Prox) greatly reduces 
the S 02 take-up rate.
As with ammonia/water, only a series of stills from the cine 
film can be presented. This is shown in Fig.5*26. Up to t = 1 sec. 
the curvature is as for a denses surface than the bulk. For t >
1 sec. the profile changes to the direction expected for a surface 
which is lighter than the bulk liquid.- An increase of temperature 
would produce bending of the fringes as for a lighter liquid.
Cooling of the surface seems unlikely. By t = sec. the interface 
can be seen to be disturbed by l&rangoni effects. These effects 
could have been present in fact from the instant of gas/liquid 
exposure. After t = 7 secs, there is a very marked cascade 
effect from the surface.
-86-
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DISCUSSION AND CONCLUSIONS
As with the results it is easier to divide the discussion 
into sections corresponding to the gas being absorbed. General 
ideas, also pertinent to the rest of the study, are discussed with 
the carbon dioxide results.
6.1. Carbon dioxide
It is clear that in all cases the area under the fringe, 
giving optic is less than the transducer take up. As shown in 
Fig.5.1*. the difference between M^ . trans and optic is consider­
able. There is every reason to have confidence in the validity of 
the experimental results obtained by optics and transducer. The 
runs were repeated many times with consistent results. Since the 
transducer value is straight forward and unrelated to the inherent 
complications of liquid phase analysis it is the more acceptable 
value. This leads to the idea that the interpretation regarding 
the fringe is at fault*
Hj. optic is based on the hypothesis that at (x + l)mm. the 
reference liquid is water. Only in this way does n become theJv
refractive index of the solution at x with respect to water, and 
equation *+.7* follows from equation if. 5. As the area under the ‘ 
fringe on this basis does not give the transducer take up which 
is assumed to be the true value, then follows that is not
the refractive index of water but of a carbon dioxide solution 
whose refractive index is less than water. In this way c s is 
greater in value than previously assumed as it is a measure of 
a difference of concentration between the solutions at x mm. and 
(x + l)mm. This accounts for the fact ^ 5  ° x optic is too small 
in value.
These observations lead to a conclusion that carbon dioxide
passes from the interface towards the bulk liquid not only by
-89-
(197° P.71) mentioned this possibility.
From Fig.5.7* it can be seen that x f <  1mm. up to t = 60 secs, 
x + 1 > 1mm. and approaches 2mm. in value after t = 60 secs.
The straight fringes therefore indicate a uniform concentration 
over a distance of x^ to 2mm. at least. This is a carbon dioxide 
concentration in a solution.
It is important to reiterate that this conclusion can only be 
reached from the simultaneous optical and transducer measurements 
used in this research. The effect will always be present and must 
have occurred in the experiments conducted by other previous 
workers but was undetected. In this context it is important to 
realise that even in a Mach Zehiiderinterferometer where the con­
centration at any level is referred to a standard condition, either 
air or liquid, the absolute refractive index is not used by the fringe 
itself. The curved part of a fringe is compared with the straight 
part of the same fringe when measuring fringe shift. If the 
straight part of the fringe is related to a carbon dioxide solu­
tion and not to pure water, then a point on the curved fringe is 
in this sense a relative and not an absolute value. Without a 
transducer experiment this would not be apparent and incorrect 
values for take up based on ^ c x  would be obtained quite apart 
from any inaccuracies inherent in the experiment.
Clealy c optic as measured from me/s (Fig.5.1.) and equation
b  S
b.7 does not give a true value of c_ and this is further illust-
b
rated by the failure of the theoretical equations (Fig.5.^.) to 
give the transducer take-up.
The question arises how mass is transferred from the interface 
towards the liquid bulk other than by molecular diffusion. There 
is every reason to suspect such transport is .due to * convective 
disturbances1. Eddies having very short mixing lengths or micro­
flows would in all probability transfer mass much more rapidly
-90-
present about such transfer processes and it is usual to include 
convective transport and molecular diffusivity in a single co­
efficient. &uch convective disturbances could exist and they 
may in fact penetrate deeper into the pool than possible by only 
molecular diffusion. The fact that at x f >  1mm. the fringe 
pattern is straight shows an absence of concentration gradient.
In other words a uniform concentration exists or at least such 
a small gradient as to be undetectable by the interferometer. It 
is likely that this contribution by convective disturbances to the 
background concentration exists from the interface downwards into 
the pool terminating at some particular depth.
From a mass balance on the take up we have (Transducer) = 
(optic) + (convective disturbance). In this way knowing the trans?- 
ducer take up and that measured by the existing fringe, a difference 
can be obtained which is due to convective, disturbance. This is 
demonstrated in Fig.6.1. The convective disturbance is likely to 
extend further than x f. It is not known with certainty whether 
this disturbance is rapid enough to establish an average concentra­
tion over its own penetration depth or whether it has a distribu­
tion. Even if it has, then the larger volume of penetrated liquid 
than that associated with the molecular diffusion penetration x^ 
would ensure a lower concentration level where a gradient would be 
less significant. As a just approximation it is interesting to 
assume the concentration associated with the disturbances to be 
uniform over a certain depth. This depth is shown in chapter seven 
to be between 1.5 to 2mm. It is likely the eddies die away after 
this depth. On this basis the average concentration values 
due to convective disturbances can be calculated. c_av values forb
each exposure time *tf are plotted in Fig.6.2. together with values 
of c optic. An addition of these values gives a c true, which
*3 S 7
has already been mentioned in chapter five and is plotted also in
Coptics
6 020 4 0 8 0
Time secs
Fig. 6,1 CO^ - water. T = 21°0 P = 763 m.m.Hg p.p.002= 585 m.m.Hg
Comparison of C02 take-up with respect to time, 
for (i) molecular diffusion - optics.
(ii) total - by transducer.
(iii) convective disturbance or other agency.
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0 c true
Cs optic
avav
Time secs
U 6.2. CO - water. T = 21°C P = 763 m.m.Hg p.p.C02 = 585 .n.
Surface concentrations as a function of exposure time.
.m.Hg
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is still of considerable interest. The cg true value only reaches 
c V 2  after 7° secs. All c values are time dependent. For small 
exposure times (<5 secs), c true <  0. 03 c25 (pool depth 25 mm.)
w
Even if theconcentration due to convective disturbance is not 
uniformly distrubuted, it is difficult to see it so localised near 
the surface that it will have a significant effect on c_ true.
The true onset of convection cannot be detected optically 
since no actual convective disturbance in the form of cellular 
motion can be seen (see Fig.5.2. for typical optical picture 
obtained). An attempt to predict the onset of convection was made 
by PBEVAN and QUINN (1966) by comparison of the take up for carbon 
dioxide in a pool of water with absorption into a gel or by desprp- 
tion. BIAIR and QUINN (1969) compared their results with penetra­
tion theory. Neither of these methods are acceptable. Plevan and 
Quinn obtained anomalous temperature effects in the first 2k secs, 
of exposure of gas to liquid and values of take up below 2k secs 
were obtained by back extrapolation of values obtained for t> 2k 
secs. In Fig.6.3. is reproduced from Plevan and Quinn (Fig.3 p.897) 
the versus 'It relationship and super-imposed are the results 
of this study for carbon dioxide/water. An error of interpolation 
is inherent in Plevan and Quinnfs results both in the water and 
gel runs. The curve of this study lies below the Plevan and Quinn 
pool curve and actually crosses the other two curves supporting 
the above statement.
The experimental technique achieved in this study -led to 
instantaneous exposure of gas to liquid without anomolous heat and 
pressure effects so that the M^ . values are more likely to be correct. 
The validity of Plevan and Quinn!s results for t > 2 ^  secs were 
tested by taking an arbitary zero at t = 2k secs and plotting this 
study's experimental values on this basis against theirs. This 
is shown in Fig.6.*+. and agreement is good, as expected since the
-9>+-
30
20
10
II Ji
16
Plevan & Quinn
.• Absorption into pure water
□ Absorption into |fS C.M.C. gel
a Desorption from pure water
This study
■ Absorption into pure water
Pig. 6.3 Transducer.take-ups for CO^ absorption into
and desorption from H^O pr C.M.C. gel.
-95-
1'tJaUXua ui ouxa o wuu^ ouuw «/uc x a u c  ux uaxuv/u u x u ^ x u c  awiswx^wxwM
to be almost constant throughout the almost 200 secs n n  time.
Plevan and Quinn!s suggestion of an onset time of about 90 secs 
using their technique is in error and should be smaller. The 
method depends on an assumption that in the case of the gel and 
desorption, disturbances are absent. There is no sure evidence for 
this. From this work it is clear that convective disturbances in 1 
a liquid pool probably occur almost instantaneously with exposure 
to gas whether initiated by surface or buoyancy effects. If the 
K|. curves for carbon dioxide and both water and water/By-Prox are 
studied: (Fig.5.3.) it can be seen that experimental values as low 
as t = 5 sec were obtained. If the curves for trans and 
Kj. optic are extrapolated to the origin they do not appear to cross 
each other. * The differences between these two curves are shown 
as R values (= trans/M^. optic) in Fig.6.5. If R = 1 then no 
convective disturbance would be present and purely molecular dif­
fusion would take place. As an approximation then it can be shown 
that:
. Mj. eddy
eddy 
Mj. optic
The contribution made .to transport in the substrate by the 
eddies is considerably larger than that due to molecular diffusion.
From Fig.5.6. it is evident that the addition of By-Prox to •
the water reduces the extent of the convective disturbances as
there is a reduction in the carbon dioxide take-up. The reduction
cannot be explained by the small differences in surface resistance
shown in Fig.5.8. (These values are discussed together with other
gases investigated later in section 6.5.)- As By-Prox solution
is more viscous than water, amongst other things a certain damping
of eddies might take place. From Fig.5.7. it can be seen that the
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v This study c* = 29 x 10” g.mol/cnr (t>0
8
__/T *J
Plevan & Quinn c* = 29 x 10” g.mol/cm-3 (after 25 secs)
Pig. 6.4 Absorption of C02 into water. Transducer tahe-ups
above 25 secs of Plevan and Quinn compared with this 
study.
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6 0<2 0 4 0
T i m e ( s e c s )
o C02 - H„0 - By Brox T = 21°n
Pig. 6.5 Absorption of OOp. Variation of ratio of M. trans and 
optic against time.
a co2 - h2o
could be due to the effects of By-Prox on diffusivity.
Convection in the carbon dioxide/water system is primarily 
buoyancy driven but as stated before the surface of the water is 
to some extent self soiling and will inevitably contain traces of 
impurities. There will be small surface tension effects present 
and the addition of By-Prox will affect the surface situation.
This may reduce the extent of eddy formation. Too little is known 
to be positive on this point. Moreso, when considering the numerous 
possible effects the several constituents of By-Prox may have when 
in solution. The possibilities are examined in several texts e.g. 
EIWQRTHY et al (1968).
6.1.1. Carbon dioxide absorption in aqueous glycerol.
There is reason to believe from the previous discussion that 
not only does convective disturbance start as soon as a concentra­
tion gradient is established (or surface tension gradient) but 
once started it persists.
If small disturbances of a convective nature exist then removal 
of them will limit the mechanism of mass transfer to a purely 
molecular case. It was considered likely that by using aqueous 
glycerol solutions of increasing glycerol strength two effects could 
be introduced. Firstly an increase in viscosity (see Appendix A) 
which would tend to damp out convective disturbances and an increase 
in density which would minimise density differences due to the 
presence of carbon dioxide in solution. However the diffusivity 
of carbon dioxide in the glycerol solutions was also reduced. This 
minimised the expected effect in that the take up was reduced.
Even considering this, the set of curves in Fig.5.10. and corres­
ponding fringes in Fig.5-9. do show fairly convincingly that as 
the glycerol strength is increased the transducer and optic curves 
approach each other as compared to the difference shown by pure 
water. This is a clear indication of the presence of a
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viscosity and density. If the fringe area could be measured 
sufficiently accurately at the higher concentrations it is highly 
probable that the transducer and optic take up could be shown to 
agree. Unfortunately this was not possible due to the marked 
decrease in due to falling diffusivity of gas with higher 
solution viscosity. This is the reason why only a small selection 
of results obtained are shown in Fig.5.10.
6.1.2, Carbon dioxide/propylene carbonate 
From concentration-refractive index data measured in this 
laboratory (see Appendix A), a saturated solution of carbon dioxide 
in propylene carbonate at 20°C should produce a fringe shift of 
1^8 fringes. This might be expected since carbon dioxide i? far 
more soluble in propylene carbonate than in water.
Due to the greater solubility and hence greater take up of 
carbon dioxide in propylene carbonate, studies had to be made over 
a much shorter time interval than other studies. The success of 
the investigation therefore depended on the fact the cell used 
produced an instantaneous gas/liquid exposure and the birefringent 
interferometer in combination with the television camera and screen 
made the rapid recording of changing fringe patterns possible.
The transducer response is also instantaneous but the polyrecorder 
is less responsive, and this resulted.in the necessity to assume 
a linear relationship between A p  and t from t = 0 to 0.5 secs.
It is unlikely this caused any error significant enough to alter 
the conclusions obtained in this section.
The carbon dioxide/propylene carbonate solution is more dense 
at the surface than in the bulk liquid. This should lead to 
bouyancy forces and convective disturbances. However propylene 
carbonate solution is about fifty times more viscous than water 
and there is the possibility that eddies would be damped out. 
Experimentally (Fig.5.12.) there is no difference between trans
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deeper than one mm. up to t = 1.6 secs then the fringe gives a 
true picture of the concentration distribution relative to the 
propylene carbonate in the bulk liquid. Under these circumstances 
Mj. optic = Mj. trans.
When t >  1.6 secs (Fig.5.13-) the fringe shows a shift for
x >  1mm. The fringe therefore no longer represents with accuracy 
the refractive index relative to propylene carbonate and optic 
cannot be compared with trans meaningfully.
A series of plots of concentration against penetration depth 
are compared in Fig.5.15  ^ In both cases of molecular diffusion the 
curves lie below the experimental curve. The only possible con­
clusion is that eddies do exist for t < 1-.6 secs and when 
t > 1.6 secs they continue to exist, probably grow in magnitude
and penetrate deeper then one mm. After 100 secs the eddies 
penetrate as deep as 3nim. which was the limit of optical vision. 
This can be detected by a lateral movement of the fringe by as 
much as one fringe shift in the bulk. This is more relevant in 
that at x > 1mm. the interferometer shows a refractive index 
gradient. This small value of the.surface fringe shift (< 3 ) after. 
1.6 secs is quite unexpected and remarkable considering the high 
value of c* (= l*+8 fringe shifts). The conclusion is that c << c* 
and is an indication of a very high surface resistance in the form 
considered so far in this thesis.
It is likely that the reason why the value of calculated
from the Carslaw and Jaeger solution is very much smaller than 
Mt optic or trans (of Fig.5.15«) is that it depends on cs which 
is very small in value because of the failure of equation (*+.29)
to take into account the presence of eddies and the absence of a
surface viscosity term.
6*2 Acetylene-water
It has been stated previously that in those cases where the
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vection currents should be absent. BURNETT and HIMMELBLAU (197O) 
used this criterion in interpreting their results for the effects 
of surfactants in the ammonia/water system they investigated. 
However, no direct proof of this assumption was given especially as 
there were complicating factors such as large heat effects. The 
combination of transducer and birefringent optics used in this 
research is admirably suited to test this hypothesis. A suitable 
system to use where the absorption is physical and free from com­
plicating side effects is acetylene/water.
Fig, 5.20. shows agreement between trans and optic is 
very good. It follows that the fringe must give a true representa­
tion of the concentration distribution and if eddies are present, 
they do not penetrate beyond x^. In such cases the refractive index 
at x < x^ is the true value as it is being referred to water in the 
bulk (x > 1mm.). It can be seen from'Fig. 5* 19* that x^ < 1mm. up 
to t = 60 secs.
It can be seen from Fig. 5.20. that:
trans (or optic) > crank 
and from Fig.5.21.
coptic > 0crank (equation U.21)
The difference between the practical values of and the
theoretical values for pure diffusion based on Crank leads one to 
suggest the presence of convective disturbances in practice. 
Similarly, the concentration and values based on Carslaw and 
Jaeger are less than the experimental values of M^ . trans and M^ . optic 
and c0ptiC which again confirms the opinion that-convective disturb­
ances exist in practice.
As the presence of eddies or convective disturbances cannot be 
explained by buoyancy forces for acetylene/water, then they must be 
due to surface tension effects. Having been initiated at the 
surface the eddies then progress into the liquid.
The presence of By-Prox the soluble surfactant is likely to
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barrier type. It is possible that the presence of the surfactant 
in the surface enhances the Marangoni effect. Some support for -u 
such a statement is included in the work of Burnett and Hiimmelblau 
for ammonia water. By-Prox has a marked effect on the surface 
tension of the solution, lowering it. It is also possible that the 
presence of By-Prox increases the differences of surface tension 
between adjacent areas of the surface thereby enhancing the 
Marangoni effect. This would result in a more frequent generation 
of eddies, more of them, and a change in their size. The depth of 
penetration of the solution containing By-Prox could be greater 
than for acetylene/water. This is seen to be the case in Fig. 5.19. 
Against this it can be seen that c optic for By-Prox is less thanb
that for acetylene water (Fig.5.18.) due to the surface barrier.
The effect of the By-Prox on the take up is shown in Fig.5.20. 
to be very small. This is explained on the above basis by the 
balancing interaction between surface resistances and eddy effects 
in the two cases of acetylene/water and acetylene/water/By-Prox.
It is however, clear that for more definite conclusions it is 
necessary for a fuller investigation into the mechanism of surfac­
tants interaction with their supporting substrate. This is outside, 
the scope of this research.
6.3 Ammonia-water
The most recent studies of this system have been made by 
BURNETT and HIMMELBIAU (1970) and by THOMPSON (1970) but the results 
of the experiments of this study show the mechanisms involved are 
more complex than they have suggested.
  • 1
The ammonia/water system is one in which the surface becomes 
less dense than the bulk liquid. In this case the solution should 
be free of convection currents due to density differences. Accord­
ing to Burnett and Himmelblau the presence of a soluble surface 
active agent seems to increase the ammonia absorption rate. As
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with the interface moving upwards vertically. They claim also that 
the reaction of the ammonia with water is negligible and some sur­
face movement occurred probably due to Marangoni effect. The 
soluble surface active agent enhanced this effect with a resultant 
increase in the mass transfer rate.
Thompson observed no cellular disturbances or interfacial 
turbulence using a shadowgraph illumination method. The limitations 
of this method are discussed in chapter two. The scatter in his 
experimental results were attributed to variations in the duration 
of the opening of the inlet valve and the method of gas introduct­
i o n  was also a probable source of error. According to Thompson
the rate of absorption of ammonia into water varied from 1.5 to
— ^ 22. 0 x 10*“? g.mol/cm sec after 6.5 secs with an initial cell pres­
sure of approximately 75 cm. mercury. His comparison with a slab 
model does not seem to be viable however, as no account was taken 
of the variable surface concentration.
In the above experiments the surface temperature of liquid 
was not measured and isothermal conditions were assumed. CHIANG- 
and TOQR. (196*0 however, demonstrated that the absorption of 
ammonia by water can give a rise in surface temperature of approxi­
mately 20°F.
The fringe patterns shown in Fig.5.23. are somewhat difficult 
to fully interpret similar ‘S* type bends are shown in observations 
of gas absorption with chemical reaction on the interferometer; 
this topic is covered in part two of this thesis. It is possible 
in this case that the reaction of ammonia/water is not negligible 
and occurs after a certain time interval producing an effect as in 
Fig.5.23b. In Fig.5.23c is given an illustration of surface 
disturbance. It can be appreciated from the whole series of these 
fringes that it would be unwise to use the optical measurements to 
obtain cg optic or Mfc optic and this is again discussed in part 
two of this thesis.
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The optical penetration depth did not exceed one mm. until 
t « 2 secs. The fringe patterns are therefore true records of 
refractive indices relative to water up to this time. The presence 
of surface disturbance clearly indicates the possibility of con­
vective disturbances (as in the case for the similar system of 
solution lighter than solvent-acetylene/water) but these disturb­
ances are again really too small to be detected by present optical 
techniques*
6.*f. Sulphur dioxide/water
This system has been well investigated by PI&VA25 and QJJINN (1966). 
They suggest a surface tension driven flow coupled with a buoyancy 
mechanism. Convection did not appear in their case until seven 
secs after initial exposure.. Schlieren photographs taken by them 
igave the appearance of two - dimensional waves breaking off and 
plunging down from the liquid surface.
The sulphur dioxide/water solution at the surface is much 
denser than water and the resulting buoyancy forces may themselves 
be sufficient to initiate convection currents. It is questionable 
therefore whether surface tension driven flow is a justified 
interpretation of the mechanism. There will be an interaction 
between the Marangoni effect and buoyancy but its precise nature 
is rather indefinable.
According to Plevan and Quinn about four secs, were required 
to compress their gas initially and errors resulted in the absorp­
tion rate determination. They recorded their take up of gas as
from Mj. trans at other t values, a comparison of these results 
with those of Plevan and Quinn is possible. The result is shown 
in Fig.6.6. The Plevan values are slightly bigger than those of ' 
this study at lower times but at higher times when the error made 
by Plevan and Quinn becomes less significant, the values agree 
quite well. The difference at the higher times can be explained
Mt - M (t = *f). By taking Mfc trans (t = *f) from this work
-I0**~
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o Plevan & Quinn. Initial T = 24.5°C p.p. S0? at start
710 m.m.Hg.
a This study. Initial T = 23 C. Initial p.p. SO. = 710 m.m.TTff. 
Fig. 6.6 Comparison of Plevan & Quinn1s results for the
transducer take-up’ of SOp by pure water above t = 4 secs 
with those of this study.
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this work.
A comparison of the effect of By-Prox on the absorption rate 
is compared with the insoluble surface active agents used by 
Plevan and Quinn in Fig.6.7. (basis (t^)). The reduction
in Mj. brought about by the surface active agents was such as to 
prompt Plevan and Quinn to suggest a surface tension driven convec­
tion mechanism. The unusual nature of the sulphur dioxide absorp­
tion leaves room for doubt and the mechanism is obscure. The 
whole problem is examined in more detail in chapter seven.
Some fringe patterns for the system are shown in Fig.5. 26, 
After't = 7 secs, there is a very marked cascade effect from the 
surface as seen by Plevan and Quinn in Schlieren photographs. The 
descending two dimensional waves are similar to those recorded by 
THOMAS and NICHOL (1969) for carbon dioxide absorption into 
monoethanolamine and caustic potash solutions. They are considered 
further in the second half of this thesis.
It is quite impractical at this point to consider taking 
meaningful values of c optic and values for 1/k . Optical analysisb b
is necessarily limited due to uncertainty concerning the effects of 
disturbances and surface temperature on fringe shift. However the 
photographs do show that interfacial turbulence probably occurs 
almost instantaneously and the visual effect seen by Schlieren 
photography is not a reliable guide to the onset of convective 
disturbance.
6.5. Surface resistances
In all cases where interpretation of fringes was possible, the 
method of calculating the surface resistance was based on a know­
ledge of c true and the use of equations originally developed by s
CARSIAW and JAEGER (1959) for heat conduction. Over very short time 
intervals t < 1 sec there is every expectation that l/ks should be 
virtually constant but over the long times examined l/kg is seen
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HIMMELBIAU (197O) also recorded similar findings on their investi­
gation of the effect of surfactants on the absorption of ammonia 
into water. In previously published work calculation of l/kg has 
not taken into account the presence of convection currents and their 
effect on c . Because of this the question therefore arises as tob
the numerical validity of using a purely molecular diffusion equa­
tion. HARVEY and SMITH (1959) using a static pool quoted values
of 1/k around *+0 s/cm for the carbon dioxide - water system s
containing 1% of Teepol (a soluble surfactant) against values one 
hundred times greater .calculated in this research. From the find­
ings of this research it is clear that the reliability of inter­
facial resistance values obtained from equations based solely on 
molecular diffusion is somewhat dubious. Most of published research 
work is likely to fall within this category. It is obvious far 
greater depth of research, which was not possible in this study, 
is necessary to develop new mathematical theories and models for 
describing interfacial resistances in gas-liquid mass transfer.
It is interesting to comment on the effect on absorption of 
the soluble surfactant By-Prox used in this study. Generally, 
interfacial resistance has been ascribed either to the accumulation 
of surface active molecules at the surface forming a barrier to 
the absorption or to the modification of the hydrodynamics of the 
system by the presence of surfactant in the liquid. In the former 
case it is to be expected that the interfacial resistance will 
increase as the concentration of surface active agent is increased 
until the layer of surface active molecules at the interface is 
complete. At this stage there will no longer be the layer of highly 
mobile water molecules at the surface through which evaporation 
and condensation normally occurs. Further addition of surface 
active agent would be expected to increase the bulk concentration 
of surface active molecules but not the surface concentration,
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to be available to the smaller water and gas molecules. The inter­
facial resistance should increase to a maximum value with increas­
ing concentration of surface active molecules and then decrease 
slowly as micelle formation commences. The number of gas molecules 
striking the free water surface and Irtence the absorption rate is 
thus likely to be decreased in the presence of surfactant.
Generally the results of this study show little difference in take 
up or surface concentration with and without the By-Prox. Only 
sulphur dioxide/water which exhibits a marked visible convection 
pattern had i t ’s take -up reduced considerably by the presence of 
By-Prox. Thus it could be that the major effect of a surfactant 
is the suppression of interfacial turbulence. This would naturally 
lead to a decrease in mixing in the liquid and consequent lowering 
of take up. In reality it is likely the barrier effect and hydro- 
dynamic effects (e.g. the creation of a boundary layer) also play 
a part in the resistance mechanism. Again since this topic offers 
a vast scope for research it is not possible to go into any details 
in this study since it is not its main topic.
6.6. CONCLUSIONS.
i
It is evident two distinct categories of systems evolve from 
this study. These are ones in which the surface of the solution 
of gas is either more dense or lighter than the bulk liquid.
Within these categories there appear to be anomalous systems such 
as sulphur dioxide/water and ammonia/water.
The carbon dioxide/water study indicates that the onset of 
convective disturbance due to buoyancy forces is almost instantaneous 
upon exposure of gas to liquid. These convective disturbances 
transport mass through the substrate much more rapidly than can 
occur by molecular diffusion. The eddies penetrate deeper into 
the solution than the distance x^ and from a lateral movement of 
the fringe pattern an average penetration by the eddies of about
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tools 1) In this way a cay value can be deduced so that a more 
realistic interfacial concentation can be arrived at. It is 
unlikely to give an absolutely correct value but there is a clear 
indication that it is more likely to represent the real situation 
than the use of cg optic unless the eddies are definitely known 
not to penetrate deeper than one mm.
The carbon dioxide/propylene carbonate system resembles carbon 
dioxide/water but the most interesting discovery is the extent to 
which the actual surface concentration differs from the equllbrium 
saturation value. This could not be predicted. A seeming high 
surface resistance results from this low c true value... Absorp-b
tion is very rapid. At t > 1.6 secs the eddies penetrate below 
one mm. The'take up values measured differ considerably from the 
calculated values based on c as would be expected. It would
b
appear therefore that the high solubility of carbon dioxide in 
propylene carbonate is offset by high surface resistance and 
viscosity.
Work on the acetylene/water system proved to be of particular 
interest. Contrary to previous statements made mainly on the basis • 
of ammonia/water it was shown that surface-tension driven eddies 
can exist in solution even though there are no buoyancy effects.
The difference . between the M^ . values from practice and those 
calculated for molecular diffusion alone based on Carslaw and 
Jaeger suggest that the contribution to transport of solute in the. 
substrate due to eddies is very considerable although the depth of 
penetration is less than expected from buoyancy forces., As mentioned 
before it is difficult to be precise about the exact effect of the 
presence of By-Prox in the absorbing water. The picture of an 
increase of surface tension differences due to the presence of 
By-Prox could indeed be realistic, but not enough evidence is 
available at present for a complete proof.
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disturbances in solution. The take up values and photographs given 
show how untrustworthy previous records must be. To imagine that 
surface resistances would not be related to the unusual behaviour 
of the substrate would be unrealistic. Possibly rigid films on the 
liquid surface may produce different substrate behaviour, but again 
no definite evidence is available. Again, sulphur dioxide /water 
shows anomolous behaviour, but this system is treated separately 
in the next chapter.
Unfortunately the true nature and values for the surface 
resistances of the various systems examined could not be ascertained 
with great confidence. Detailed examination of the problem should 
really cover the whole nature of the liquid surface at very short 
to longer times. For instance, if the liquid surface were to be 
disturbed and have a comparatively short life as has been suggested 
by some theories, the surface resistance would be far less signifi­
cant either for so called pure liquids of liquids associated with 
surfactants. The work in this study on carbon dioxide/water, 
supported by the work on the other systems studied leaves room 
for criticism of these ideas. To.imagine that liquid brought up 
from the substrate to the surface to see the gas would be less 
soiled than the original surface is not proven. On the basis of 
HICKMAN (1952) the impurity will always be there. If a soluble 
surfactant like By-Prox is present it will always be contained 
in the substrate as well as the surface and so disturbances of the 
surface will not affect its presence. There may be a reduction of 
surface resistance at short times of exposure such as on packing 
pieces but it must be remembered that the resistance for the pool 
is highest at the beginning of absorption, and there may be other 
complications which modify the generally accepted interpretations, 
of surface resistance. Disturbance of the surface would certainly 
enhance eddy formation and increase thereby the value of c .
-III-
In summary it is clear that the proven confirmation of the 
existence of eddies or convective disturbances in all the gas- 
liquid systems investigated is an important step forward in this 
field of research. However it has lead to the fact that no exist­
ing mass transfer theory can describe the process as found in this 
study, and considerable further work is necessary to further clarify 
the picture.
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CHAPTER SEVEN
THIN POOLS 
Section A
7.A.I. Introduction
It has been shown that it is very likely that there is 
an almost instantaneous convection current set up whenever a 
gas is freshly exposed to a liquid in which it is soluble.
These eddies or microflows can be initiated by buoyancy and/ 
or surface tension driven mechanisms. Thus they can be 
expected in systems where the solution of gas is less dense 
than the solvent e.g. acetylene water, as well as in the reverse 
case e.g. sulphur dioxide - water. However, the true visual 
observation of convection i.e. roll - cells and similar - type 
movements in the bulk liquid, have, in the research so far 
carried out, been only observed in systems of high gas solubility 
and higher density of the gaseous solution. THOMAS and 
NICHOLL (1968, 1969) VIDAL and ACRIVOS (1968) BLAIR and 
QUINN (1969) and several other authors have recently examined 
such systems. They called the first visual sign of conyection 
the time for onset of conivection.
It has been shown that convection is likely to contribute 
more to the transfer of mass than molecular diffusion. This 
is most likely due to the fact the eddies transport mass 
into the bulk liquid far more rapidly than possible by molecular 
diffusion. With this in mind it was thought that the depth 
of liquid pool could play an important role in the gas 
absorption process - the whole concept of the semi-infinite 
pool being in jeopardy, expecially in the thinner pools with 
known systems of high connection.
-II3-
It was of interest, therefore, to determine, experimentally 
the effect of pool depth on gas absorption - especially in system 
where no visual sign (in the form of cellular motion) of 
convection was present, both in cases of gaseous solution more
t
dense than the solvent and the reverse. With this mind, the 
systems carbon dioxide, acetylene/water and sulphur dioxide/water 
were chosen for study from previous experience.
7.A:.2. Results, and Discussion
Pool depths from 0.3 mm to 2b mm were examined. For 
diffusion alone, the penetration theory yields
Thus linearity betw< t should be expected
until convection ensues. Figs. 7*1 - 7»3 show plots of vs^t 
for a sample of pool depths for each system studied. It is clear 
from these plots that initiation of convection is almost 
instantaneous after exposure of gas to liquid. This is of course 
as expected from previous work. Figs.1 7« 1 - 7*3 also clearly 
demonstrate that the total amount of gas absorbed is dependent 
on pool depth. This is not expected, certainly at shorter times 
(t < 10 secs), from simple penetration theory which would not 
predict a penetration depth of the gas by molecular diffusion as 
great as the smallest depth considered in this work. One can only 
conclude that the variation of take up with pool depth is due to 
convection effects.
The relevance of convection is more clearly demonstrated 
in Figs 7*b - 7*6.b. The family of curves for carbon dioxide 
and acetylene show marked peaks. One would expect a similar 
peak for the sulphur dioxide, but very thin films could not 
be used due to the difficulty in spreading water. Since it 
had been shown soluble surfactant has a marked effect on the
Mt = 2 ( c* - cc
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absorption rate of sulphur dioxide, it was decided not to use 
a 3% aqueous solution of wetting agent. The take up is least 
when xp, the pool depth, is least. This is readily understood 
as such a small volume of liquid would rapidly approach saturation 
throughout its depth. The presence of convective disturbance 
would increase mixing and hasten this effect. Furthermore, 
there is no reason to doubt that the convective disturbance is 
reflected from the floor of the cell, thereby enhancing the 
mixing effect. This is most clearly shown in cine - film recorded 
from the optical bench for cases of cellular motion particularity 
for sulphur dioxide/water where penetration of convective disturbance 
is considerable. For the cases where convection is not so 
marked it is clear that an indication of depth of penetration 
of convection is given by Figs 7 » b - 7«5» When the take up 
becomes almost constant with xp , it is likely the added mixing 
effect of convective disturbances recirculating after hitting 
the pool floor is not present i.e. the' eddies do not penetrate so 
far. Of course at the longer times the balancing factor of 
the whole pool reaching nearer saturation versus added mixing 
effect of recirculation of eddies is in favour of the larger 
pool depth having the greater take up.
Fig 7*7shows the % difference in take up at the '‘peak1 
pool depth compared with a “deep1 pool i.e. one in which the 
convection is unlikely to penetrate to the pool floor. It may 
be the "peak" pool depth for sulphur dioxide is below its maximum 
value. However even considering this it is clearly demonstrated 
that the magnitude of the convection for sulphur dioxide far 
surpasses that of carbon dioxide and acetylene. The surface 
tension driven convection of acetylene is itself considerably
-115-
less in extent than primarily buoyancy driven convection of 
carbon dioxide.
It is also clear that for sulphur dioxide it is misleading 
to talk of an bnset1 - time of convection as one which represents 
the first appearance of cellular motion. Convection is present 
to a considerable extent almost instantaneously after exposure 
of gas to liquid.
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Fie. 7.7 Difference in take un between a deep pool (23mm) are 
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Figs. 7.1 to 7.6
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Section B
Film depth in relation to the stability
of a fluid layer with gas absorption.
7«B.l. Introduction
The classical Benard problem, that of the stability of
a horizontal liquid layer subjected to an adverse density
profile, has been extensively investigated in the past. A
summary of this work has been given by CHANDRASEKHAR (I960).
The system of interest relevant to this study is a film of
liquid which is absorbing gas at a free surface. The liquid
is supported by an impermeable solid boundary. This problem
differs from those considered by CHANDRASEKHAR (i960) in that
both the initial and final states are stable. The liquid film
will eventually become saturated with the absorbing gas and,
of course, the density gradients will also disappear'. The
system, therefore evolves from one stable configuration to
another. The problem of ascertaining ‘the stability of the
system during the course of its evolution has been examined
both theoretically and experimentally by several authors.
MAHLER and SCHECHTER (1970) summarise these investigations and
report a theoretical and experimental analysis of the problem.
7.B.2 Results and Discussion
MAHLER- and SCHECHTER (1970) studied two different
macroscopic initial states. In some cases there was initially
no solute (sulphur dioxide) present in the liquid layer (water)
and in others the liquid layer was saturated with solute. The
results obtained in this study are compared to both theoretical
cases, and to the experimental results of other workers. An
examination of the system in terms of wave numbers was not possible
due to the large initial partial pressure change of sulphur
dioxide. This resulted in the formation of large number of cells
-125-
with diameters which were too small to measure with any degree 
of accuracy. The sizes were around 0.2 mm diameter. This 
is the approximate size predicted from linear interpolation 
of BLAIH's (1968) results of A p versus cell diameter for the 
sulphur dioxide - water system.
The correct Schmidt number applicable to this study is 
about 600. The Rayleigh number can be found from equation *+.33, 
first making the Boussinesq approximation (see Chandrasekhar) 
and using, the linear equation of state.
p s ^ £ l + a ( c - c 0 ) J  7*1
In addition, gas pressure and dissolved gas concentration 
are linearly related by an equation of the form.
C = H P  7.3
where H as a quasi Henry's law constant. The values of «
H and p used are those tabulated by BLAIR and QUINN (1969)
Fig. 7*8 shows the theoretical results of MAHLER and 
SCHECHTER (1970) compared to the experimental results of this 
study. The data is tabulated in table 7*1-
T A B L E  7.1 
Data for Fig. 7.8
Point No. d
cm.
Experimental 
t c Secs.
R Rt
1 2.k 1.18
lr\1O 
1—
1X 3. ^  X lo 9 139
2 1.5 5 3.33
lT\1O 
1—fX 8.5 X 108 165
3 1.08 b.9 6.76
lr\1O 
1—1X 3.15 X 0 0
0
157
b 0 .  7 5.2 1 . 6 1O 1—lX 8.55 X 107 171
5 0 . 2 5 .6 2 . 1
10I—1X 2 x 107 192
The validity of the use of Rt in this study is considered in
Fig. 7.9. A particular value of R^ can be used to define the onset
of instability provided the S c number is fixed, the upper
boundary conditions remain unchanged, the developing concentration
profiles are similar and the Rayleigh number is large ( > 10° )
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C r i t i c a l  t i m e  ^
Pip;. 7.8 Theoretical Ravleiph number calculations of 
MAHLER and SCHECHTER (1970) compared to 
experimental SO2/water results of this study.
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Other available experimental results for absorption of sulphur 
dioxide into water are also presented. The sources of these 
data are enumerated in table 7*2.
Point No. 
1 
2 
3
k
5
T A B L E  7.2 
Data for Fig.7.9
Investigator
Blair and Quinn
Plevan and Quinn
Mahler and Schechter
Comments 
Saturated prior to run
ii it it ii
ii ii ii ii
but total exposure less than
one hour.
Unexposed to S O2 prior to run
Saturated with surface 
materials Co H-i 7 OH,
Cio h 2 1 o h 5 c 7 "12 H 1 5 OH
Exposed for 6 hours before 
run. Saturated with SO 2
7
8 
9
10
11
12
This study 
1
2.*+ cm Pool depth
1.5 "
1.08 »
0.7 "
0.2 n
2.k ”
From equations *f.33^and *f#35 it follows
■ . 2 
A P ‘ 3
[ ^ S r r l
Unexposed 
to
SO2 prior 
to run.
1% by prox 
unexposed 
to SO2
7 Aoc
This relationship may be viewed as a limiting condition
hich must be satisfied for buoyancy driven convection in the
limit of large layer depth. MAHLER and SCHECHTER (1970) discuss
he effect of surface tension on the instability of the sulphur
ioxide/water system. They concluded, from their sulphur dioxide
A P of 6 ins. of Hg used experimentally, that the absolute value
f surface tension does not influence the onset of buoyancy
riven instabilities . With this in mind it can be seen from
quation 7»^ that a log-log plot of tc against Ap should have
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slope of - ■§ . Fig. 7*10 reproduces data from BLAIR,and MAHLER 
nd SCHECHTER compared with this study. The source of data used 
n fig. 7.10 are shown in table 7-3• 
pint Investigators
1 Blair and Quinn
2 Mahler
3
l +  ii
5 This study 0.2 cm
pool
6 1 “ 2.H- cm
pool
T A B L E  7.3 Data for Fig.7.10
In Fig. 710 Blair and Quinn’s results were extrapolated 
inearly. A line parallel to this was drawn through MAHLER1S 
ingle points for Ap = 6 ins. Hg.
If the correction is due to surface tension gradients 
ather than buoyancy forces then the stability analysis depends 
n surface properties. This mechanism is discussed by several 
thors, some of the most recent work being by VIDAL and ACRIVOS 
1968). Several parameters can enter into the stability analysis 
spending on the Theological properties used in describing the 
rface. For the simplest model of a non-deforming surface, the 
stem is governed by two groups:, the Schmidt number and the 
rangoni number M where
M = aAfid 7.5
M D '
is the concentration coefficient of surface tension, vith 
rface tension assumed to vary linearly with concentratbn.
The Marangoni number is, therefore, the counterpart of the 
rleigh number for a surface driven flow. For a semi-infinite 
yer y c should be inversely proportional to v M, which yields
-I30-
A P
at m
0.2
0.2
0.2
0.2
0.93
0.93
Upper Critical
Observed
Rigid
1
2 0 
19
Intermediate 1*+-15 
Free 10
" 5.6
" *+.5
time
Predicted 
(Fig.7.8)
19.5
19.5
10.2
18.6 
11
se
cs
© 5
© 6
i n termed sate
free
^RsatcaaassatacaaflBK&i
1 O0-1
p  at m
Fig. 7*10 Absorption of SCU by water. Time t- , for first visible 
sign of connective disturbance agaSnstpresstire 
difference. Initial conditions: T = 20 C p.p.S09=0.95 
P.atm ~
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For a surface tension - driven flow, equation (7*6) predicts 
log log plot of tc vs a P should have a slope of - 2. Results 
shown in Fig. 7*JP dismiss the idea of a soley surface - tensbn flow 
for the sulphurdioxide/water system in the light of the above 
analysis.
. B.^ Conclusions
The main criteria of the experimental study of convection in 
the sulphur dioxide /water system was the observation of onset 
times of convection from interferograms obtained from a birefringe n 
interferometer. It is clear that before a comparison of these 
results with those of other workers who used Schlieren techniques 
is possible, it'must be established that the observation error 
between the two systems is minimal. Quantitatively this is not 
possible. However, the identification of a fixed time, tc , with 
the onset of convection involves some arbitrariness anyhow. 
Disturbances introduced at time zero follow some time course such 
that their growth rate at the time at which motion is discernible 
is extremely rapid.
Theoretically, this 1 onset* time could therefore be observed 
at different times if the sensitivity difference of differing 
detection methods is large, but since the time rate of change 
at onset is very large for large Rayleigh numbers (which were 
the only ones considered in all the studies considered in this 
work), approaching exponential, it is unlikely that different 
detection methods using the same basic principle of operation 
will yield ’onset* times which differ significantly. This point 
is discussed further by BLAIR and QUINN (1969). With this in mind 
it was felt that the comparison between various workers results 
and those in this study was valid.
The other experimental parameter needing clarification is 
effect of the hydrodynamic character of the bounding surface 
n the critical time. BLAIR and QUINN (1969) studied the
phur dioxide / water system in the presence of an upper surface
\
‘ch was essentially rigid, whereas MAHLER and SCHECHTER’S(1970) 
eriments revealed a variety of responses ranging from essentially 
e to a fixed upper boundary. ELg. ?•9 shows a comparison of 
ferent worker1s results. It can be seen that considerable 
iations in surface character exist between different results.
LER (1968) considered and rejected other possible mechanisms 
explain these differences. Thus he rejected surface tension 
dients, heat release associated with gas absorption and mass 
nsfer effects. MAHLER and SCHECTER’S (1970) data seemed to 
icate that water not previously exposed to sulphur dioxide is 
ewhat contaminated and provides times of instability which are 
ermediate to free and fixed boundaries. This general observation 
*tc * also applies to the results of this study except for 
fact that even considering the identical experimental technique 
conditions used in each run, the difference between free and 
ed surfaces varies with pool dept h. Therefore room for doubt 
left on the validity of MAHLER’S (1968) complete rejection of 
variables likely to effect the value of tc except the 
drodynamic character of the upper surface.
It is clear that the experimental data obtained in this 
search on the absorption of sulphur dioxide into water pools 
different depths does not fit theoretical interpretations of 
set* times of cellular convection based solely on a buoyancy 
iven or surface tension driven mechanism. BLAIR and QUINN (1969) 
e suggested that since they were dealing with maximum onset 
es of the order of 100 secs, and liquid phase diffusivities
-I33-
■“5 ?of 10 cm Vsec., the semi-infinite condition, inherent in 
the theoretical solutions considered, was fulfilled for layers 
greater than, say 1 mm deep. Examination of interferograms 
obtained in this study clearly indicate gas penetration depths 
far exceeding l m  before !onsetf of cellular convection. This 
result is confirmed in the results for the transducer take up* 
as explained previously. Interferograms for sulphur dioxide/ 
water system again indicate convection sets in the liquid 
instantaneously upon exposure of gas to liquid. The surface 
fringe shift is far below the figure of 90 which is expected 
from refractive index measurements carried out in this laboratory. 
This would be due mainly to the fact, as explained previously, 
that sulphur dioxide was present in solution in the liquid 
below 1 mm depth.
The differences in cellular convection 'onset' times 
(which were reproducable to + 3 frames at 1/25 frames/sec) 
in this study of the absorption of sulphur dioxide into water 
pools of differing depth cannot be solely due to differing 
surface hydrodynamics. It is suggested that failure of these 
results to fit MAHLER and SCHECHTER'S (1970) buoyancy driven 
convection theory is partly due to the almost instantaneous 
setting up, upon exposure of.sulphur dioxide to water, of 
convection currents or eddies able to penetrate deep - up to 
even say 15 mm - into the liquid pool thus dismissing the inherent , 
boundary condition of semi-infinite liquid depth of the theortical 
solution. This proposition is more realistic when considering 
'transducer take ups' for different pool depths and noting 
tc increases with diminishing pool depth. For shallower pools 
it could very well be that the entire liquid volume down to the 
pool floor has its concentration increased by diffusion of
convection currents, instantaneously generated upon exposure of
-I3>+-
gas to liquid. The pool floor would act as an insulator and 
the convective circulation would destory itself by reducing the 
concentration gradient below that necessary to produce and 
maintain cellular convection. The initial magnitude of
I
convection would only depend on the surface of liquid exposed 
to gas. This would be similar in all cases of various pool depth. 
The shallower the pool, the greater the initial convective 
circulation and hence the greater is the amount of gas absorbed.
Of course the concentration gradient would rapidly be decreased 
as well and therefore the initial--effect of increased convective 
circulation would counter balance this effect - as is well 
indicated by the transducer results. SPANGENBERG and ROWLAND 
(1961) suggested that convective disturbances, in their study 
of the evaporation of water, penetrated as fas as 10 mm under 
their experimental conditions. It could well be that this depth 
would be increased as the absorption rate was increased. This 
is a relevant point in that MAHLER and SCHECTER'S (1970) results 
as well as those of BLAIR and QUINN (1969) used a much smaller 
p.p. of sulphurdioxide than this study. It is just possible 
than semi-infinite conditions were present in some of their 
results at the pool depths and p.p. of sulphur dioxide they 
used.
Another reason for the failure of the buoyancy driven 
mechanism to fit the experimental results, of this study is the 
likely presence of surface - tension driven convection in 
conjunction with the buoyancy driven one. This is indicated 
in Fig. 7.9> where contrary to results of MAHLER and SCHECHTER
(1970) ’By Prox1 soluble surfactant increased the ’onset' time 
compared to a similar pool of pure water. It has been shown 
previously this surfactant considerably lowers the sulphur 
dioxide absorption rate. PLEVAN and QUINN (1966) have also
-I35-
noticed this point in their study on the effects of monomolecular 
films on gas absorption. It is likely that the mechanism is 
not solely surface tension driven, as discussed before when
considering the results on Fig.7.10. However, pictures from
\
the optical bench do show some deformation of the liquid surface 
at 'onset1 of convection. This has also been noted by 
SPANGENBERG and ROWLAND (1961).PLEVAN and QUINN (1966) have 
suggested the sulphur dioxide/water system shows both buoyancy 
and surface tension driven convection. The decrease in the 
sulphur dioxide absorption rate in the presence of soluble surfactant 
has been discussed previously (chapter 6). It explains the 
increase in the 'onset' time for cellular convection in that 
it takes a longer time for the pertubations to build up to a 
visible size. It is difficult to imagine why a soluble 
surfactant should solely have a 'barrier* effect on absorption.
It should in any case lower the free surface's tension forces*
Since a solution of sulphur dioxide in water has a considerably 
lower surface tension than water (MAHLER and SCHECTER quote 
61 dynes/cm at a sulphur dioxide p.p. of 6 ins. Hg against 
72 dyne/cm of pure water at 20 °C) then surface tension 
differences in the liquid surface would be reduced in the presence 
of surfactant. If surface tension driven was present in the 
sulphur dioxide/water system then one would expect its effect 
to be reduced in the presence of surfactant, thereby lowering * 1
the overall absorption rate. This is seen experimentally. The 
sequence of absorption could be: absorption commences. Different 
elements of fluid with and without sulphur dioxide have differing 
surface tensions resulting in convective flows. These carry 
sulphur dioxide far into the bulk liquid faster than is possible 
by molecular diffusion alone. The arrival of sulphur dioxide 
at the surface is faster than it is carried away into the bulk.
-I36-
herefore, the concentration boundary layer grows until the 
luid layer beneath it is unstable with respect to the density 
radient. Visible cellular - type convection ensues with shear 
orces being exerted on the layer. Under the shearing force the 
ayer yields, giving alternate regions of low and high compression - 
egions of low and high permeability*With non-uniform absorption 
ates over the surface, gradients in surface concentration and 
emperature would re-enforce the local surface pressure gradients 
ereby establishing all the necessary conditions for a sustained 
nvective flow.
S U M M A R Y
It is confirmed that convective flows exist in the sulphur 
oxide /water system. It is suggested that they are initiated 
aost instantaneously upon exposure of gas to liquid and 
perimental evidence obtained in this study indicates that their 
pth of penetration into the liquid is considerable - over 10 mm. 
e mechanism of convection seems to be both surface - tension and 
oyancy driven.
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SECTION T W O
G A S  A B S O R P T I O N  W I T H  C H E M I C A L  R E A C T I O N
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CHAPTER ONE
INTRODUCTION
In recent years an increased emphasis has been placed on 
solving the problem of predicting the effect^of a simultaneous 
chemical reaction on the r,ate of gas absorption. This could be, 
in part, due to the increasing number of industrial applications 
in which a gas absorption rate is appreciably affected by a 
simultaneous chemical reaction; also to a conviction that study­
ing the effect of a chemical reaction offers a means of learning 
about the mechanism of the absorption process (GILLILAND et al 
1958).
The general problem of simultaneous gas absorption with 
chemical reaction has been studied by a number of investigators 
over the last few decades. Many of the early Investigations are 
reviewed by SHERWOOD and PIGFORD (1952). In general, the method 
of analysis used was to compare experimental data with predictions 
based on the film theory, and more recently, the penetration, 
film-penetration, and surface renewal theories (see Section One, 
Chapter One). For a general discussion of the film theory and 
its application to the prediction of the effect of chemical 
reaction, reference should be made to SHERWOOD and PIGFORD (1952) 
and to Van KREVELEN and HOFTIJZER (19^8). The former authors 
also summarise early work on the penetration theory, as do PERRY 
and PIGFORD (1953)* Whilst this early work on the two theories 
often proved to be useful in qualitative interpretation of the 
absorption data, quantitative agreement between theoretical 
equations and experimental data wae rare indeed, and in one 
investigation (PEACEMAN 1951) the absorption coefficient was 
observed to increase with increasing concentration when the film 
theory equations predicted that the coefficient should decrease.
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m i s  is relevant m  tne context or this work, as is discussed 
in results obtained in this study from a laminar jet, although 
at the time it was inexplicable. The reasons for disagreement 
between theory and ecperiment were often obscured by uncertainties 
about many of the important system parameters, such as the kinetics 
and equilibrium of the chemical reaction, interfacial area for 
mass transfer and the liquid density and viscosity differences 
which changed as the chemical reaction proceeded. There was 
also considerable uncertainty about the ability of the simplified 
theories to describe the complex liquid and gas flow patterns in 
the experimental systems.
In order to eliminate some of the lack of knowledge about 
the system parameters, several subsequent studies were conducted 
using short wetted wall columns or laminar jets as the absorption 
apparatus. VIVIAN and PEACEMAN (1956) suggested the liquid flow 
pattern in wetted wall columns could be predicted within 10-30$ 
by the penetration theory, and streamline flow mathematical 
equations. THOMAS (1967) has assessed the accuracy of laminar 
jets both for physical absorption studies and for absorption 
with reaction. Used efficiently, laminar jets are likely to be 
more precise pieces of equipment than wetted wall columns.
In a few instances encouraging quantitative agreement was
reached between the theoretical predictions and the experimental
measurements of the rate of absorption with simultaneous chemical
reaction. There have, however, been a number of disturbing
instances in which the experimental data were found to deviate
sharply from the theoretical predictions. A prominent example
is the absorption of CO2 into aqueous monoethanolamine solutions.
A number of investigators have studied the rate of absorption of
CO2 into aqueous monoethanolamine in short wetted wall columns and
laminar jet absorbers. BRIAN, VIVIAN and MATIATOS (1967), in review
ing these experimental results
-IlfO-
concluded that they did not agree well with the theory for 
gas absorption with chemical reaction^and indeed that the 
various results appeared to contradict each other. This led 
to the suspicion that perhaps Marangoni instabilities caused 
by surface tension gradients were present in^this system. To 
test this hypothesis Brian et al desorbed the dilute inert 
tracer propylene whilst simultaneously absorbing CO2 into 
aqueous monoethanolamine in a short wetted wall column. Their 
experimental evidence indicated that the absorption of CO2 
into monoethanolamine caused convection currents in the liquid 
phase which enhanced the desorption rate of the inert tracer 
propylene. It was presumed that these convection currents 
were caused by surface tension gradients due to concentration 
gradients of surface active materials. But no disturbance of 
the gas liquid interface was observed with the naked eye, and 
the origin of the surface tension gradients was somewhat unclear.
Subsequently, DANCKWERTS and T. Da SILVA (1967) observed
convection cells of the BENARD type in a drop of aqueous mono-
thanolamine on a microscope slide exposed to CO2 gas. Also
THOMAS and McKNICHOLL (1967> 1969) using interferometric
techniques photographed convection patterns in a stagnant pool
of aqueous monoethanolamine exposed to CO2. Danckwerts and
T. da Silva using one molar amine solutions and pure CO2 gas at
atmospheric pressure concluded that approximately one second of
time elapsed before the convection currents could be detected.
Thomas and McKNicholl determined the effect of amine concentration
on the time required for the convection currents to develop to
the point where they could be detected, and their results
suggested that the time varies up to twenty secs or more for
0.1M amine solution. Since the contact time in laminar jets
lies in the approximate range of 0.002 to 0.03 secs (CLARKE
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0.70^) AQi.iuu.iii jL^oua, iyouD, I9bl and THOMAS 1966, 1967) a-Hd 
in wetted wall columns typically from 0.06 to 0.2 secs 
(EMMERT and PIGFORD 1962a, 1962b), the previous investigations 
on interfacial turbulence raise the question of how the inter-
facial disturbances could affect mass transfer rates when 1 to*
20 secs are required for the convection currents to develop in 
a stagnant horizontal liquid layer. In light of the experience 
gained in the initial work on physical gas absorption reported 
in the first Section of this thesis, it is clear that it is 
premature to refute presence of convection currents in the 
liquid phase even though at first sight a highly sensitive 
interferometer appears not to show any disturbances.
The second section of this thesis is therefore mainly 
concerned with the application of the transducer/interferometric 
techniques perfected in the first section of the thesis for the 
investigation of the presence of convection in systems of gas 
absorption accompanied by chemical reaction. As Brian et al
(1971) point out in their study of cellular convection in 
desorbing surface tension lowering solutes from water, it is 
only recently that work has begun on the important problem of 
determining quantitatively the effect of the convdction upon 
mass transfer rates. An insight into the problem has been made 
in the first Section of the thesis for the case of gas absorption 
with physical absorption. Many references on the subject have 
already been mentioned in that context. Due to certain 
difficulties, a similar approach to the problem could not be 
attempted for the case of gas absorption with chemical reaction. 
This section of the thesis is therefore mainly directed in a 
qualitative direction.
Various mass transfer models have been mentioned in
Section One, Chapter One. In this Section, a model is required
to predict the effect of a chemical reaction on the rate of
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absorption. The film model and the Higbie and Danckwerts 
surface renewal models have been used in this work. This is 
because they have been more highly developed than other models, 
and indeed they lend themselves more readily to calculating 
the effect of chemical reactions. Which of these three or 
one of the other models, is more true to life is of less 
importance in the light of the results of this work for it 
is likely that none of the existing models is really applicable. 
In any case, in many of the circumstances considered the 
difference between predictions made on the basis of any 
particular model will be less than the uncertainties about 
the values of the physical quantities used in the calculation. 
Appendix A indicates the unavoidable rather qualitative 
approach for estimating the various parameters. No other 
choice is at present available.
General detailed information regarding experimental 
items has been given in Section One of' the thesis. Supple­
mentary information necessary for this Section is included 
for convenience at this juncture.
1.1 Summary of Experimental Information
The apparatus and experimental procedure for the trans­
ducer/optic runs are generally as described in Section One of 
the thesis for deep pools i.e. 25mm runs, which were the only 
type of runs made in this Section on that apparatus. However, 
some results are included in this Section for work on a laminar 
jet absorber which enabled relatively small gas-liquid contact 
times to be obtained. Apart from some comparatively unimportant 
changes as a whole, the apparatus and method used was that 
previously described by THOMAS and ADAMS (1965) and ADAMS (1963). 
Because of the minimal results obtained from the apparatus and 
presented in this thesis, no further description of the 
apparatus is presented here.
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The primary system investigated was the absorption of 
CO2 at total pressures near one atmosphere and temperatures 
near 20°C by aqueous solutions of monoethanolamine, since this 
system has been widely examined in the published research 
literature, although not in such an apparatus^ with its long 
contact times as used in this work. Published absorption 
data for the system with short gas-liquid contact times often 
varies considerably from one investigation to another. Many 
discrepancies exist between theoretical considerations and 
practical results. These discrepancies seem most magnified 
at low (less than O.JM) concentration of amine. No results 
were known in the literature for the system at low concen­
trations using such a low exposure time as could be obtained 
with the laminar jet absorber available for use in this research 
laboratory. Since the results of the main part of this thesis 
offered a possible explanation for the discrepancies at low 
concentrations of amine, some runs were carried out on the 
laminar jet absorber. Only amine solutions less than one 
molar were used since results using higher concentrations 
have been obtained and reported elsewhere in the research 
literature (CLARKE 196*+, EMMERT and PIGFORD 1962a ASTARITA 
1960a, ASTARITA 1961). These runs were taken at 25°C, since 
most similar results were obtained at this temperature.
To complete a fair spectrum of results and to substantiate 
any conclusions offered by the primary system studied, the 
absorption of CO2 by aqueous solutions of diethanolamine, 
triethanolamine, sodium hydroxide and potassium hydroxide was 
also studied, but only with transducer/optic techniques.
Minimal data on the absorption of H2S are available in
the research literature, although absorption of this acidic
gas is of considerable industrial importance. This is
probably due to two reasons: industrial data, for which only
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terminal conditions are usually known, cannot be used effectively 
to calculate absorption coefficients because very low H2S contents 
in the exit gas are normally achieved, whilst laboratory experi­
ments involving the use of H2S are usually avoided because of the 
difficulty in eliminating gas leaks. Althougji the generally 
accepted kinetic absorption mechanism is dissimilar, both C02 
and H2S have often to be absorbed in the same industrial process, 
separately or simultaneously. Because of the more complex nature 
of simultaneous absorption, and the already existing scarcity of 
H^S absorption data, only the absorption of H^S by aqueous 
solutions of mono, di and triethanolamine was investigated 
using transducer/optic techniques.
Analytical grade C02 supplied by the Distiller's Co. Ltd. 
was used for all the runs. Because of its high toxicity, it was 
essential to detect the slightest escape of H2S. Since very pure 
H2S does not have any smell it was ruled out for use in the 
laboratory which is not equipped for work with such poisonous 
gases. Consequently, liquified laboratory reagent grade H2S 
supplied by the British Oxygen Co. who imported it from Johnson 
Mathey Inc., was used without further purification. Extreme 
care was taken to avoid gas leaks. Purge gas was absorbed as 
shown in Fig. 3.2 Section One.
Because monoethanolamine was theprimary absorbent used, 
the laboratory grade reagent available fromiB.D.H.) was 
purified by carefully controlled vacuum redistillation. The 
other amines used were B.D.H. laboratory grade reagents. The 
aqueous solutions of amines were made up by precise weighing 
of amine into volumetric flasks. The method was checked to 
confirm accuracy by random check accidimetric titrations, 
using bromocresol green indicator.
Both the caustic solutions were prepared from B.D.H. analytical 
grade chemicals as described in Appendix B. The strength of 
each solution was determined by acidimetric titration, also 
as described in Appendix B.
All the aqueous solutions were prepared from degassed,*
distilled and de-ionised water and were subsequently vacuum 
degassed as described in Section One. A range of normalities 
from 0.05 to 10.0 were used, but not necessarily for each run.
A very comprehensive review of the literature concerning 
the absorption of C02 and H2S by aqueous solutions of alkalis 
and amines is presented by DANCKWERTS and SHARMA (1966).
With this in mind it is felt that an extensive review of the 
research literature on simultaneous gas absorption with 
chemical reaction is uncalled for in this thesis. However, 
particular papers of relevance to this work, especially more 
recent ones, are mentioned within the context of the text in 
general.
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CHAPTER TWO
THE CHEMISTRY AND THEORY OF THE REACTIONS AND THE ANALYSIS 
OF DATA
The basic theory of absorption with chemical reaction is 
first briefly discussed for various cases relevant to this 
work. Each practical system considered is then dealt with 
separately and assigned to the appropriate ^stem.
2.1 Thsflra
The basic equation for gas absorption with chemical 
reaction, usually called Fick's second law of diffusion, can 
be written:
Da + r(x,t) 2.1
' 8x2
where r(x,t) is the rate (per unit volume of liquid) at which 
the reaction is destroying the solute gas at time t and at a 
distance x below the surface. This rate will in general 
depend on the local concentration of the gas and of any other 
solute with which it reacts. Analytical or numerical solutions 
of the diffusion-reaction equations are available for several 
cases. It is assumed throughout that a quiescent liquid exists 
i.e. one free from convective movements which would lead to a 
redistribution of diffusant, and that the values of such physico­
chemical quantities as solubilities, diffusivity and reaction 
rate constants remain uniform and constant.
Equation (2.1) has to be solved subject to the boundary
conditions which specify the circumstances in which the diffusion
process is occuring. This work is primarily concerned with the
geometrical condition of a semi-infinite liquid i.e. the
surface of the liquid is at x=o, and the liquid extends to
x=oo . The following boundary conditions are generally imposed:
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(a) The gas which is being absorbed: initially it has a 
uniform concentration, e0 , throughout the liquid. At time t=o 
the concentration at the surface (x=o) is changed to c* and 
subsequently is maintained at this value; at distances 
sufficiently far from the surface to be unaffected by the 
changes consequent upon diffusion from and to the surface,
the concentration remains unchanged (i.e. it retains the 
value c0 at x=co). The rate of absorption of the gas is 
determined by its concentration-gradient at the surface:
R = -Da fd£.) 2.2
\ d X /  X=Q
where is the diffusivity of A and R the rate of absorption 
of A per unit area of surface. R generally varies with time.
(b) Reactants in solution: initially, each reactant 
has a uniform concentration B°, and the concentration remains 
unchanged at x=oo. The third boundary condition arises from 
the fact that (in most of the cases considered) the reactant
is non-volatile and thus does not cross the surface from liquid
to gas. Thus from Fick's first law equation, namely
F = -Ddc 2.3
^x
where F is the flux or net rate of transfer of diffusant across 
unit area of a plane perpendicular to the x axis at a given 
moment, the reactant's concentration gradient must be zero at 
x=o. There are exceptional cases in which this is known not to 
hold, but the systems considered in this work are not classified 
as such in the usual research literature.
It is often convenient to express the effect of a 
chemical reaction in terms of the enhancement factor E which 
is the ratio of the amount of gas absorbed in a given time,
into a reacting liquid, to the amount which would be
absorbed if there were no reaction, namely
2.*+
2.1.2. Instantaneous Reaction
In this case the dissolved gas reacts instantaneously
with a dissolved reactant. There is a plane beneath the 
surface where the concentration of both is zero, and the 
rate of reaction is equal to the rate at which the two 
substances can diffuse to the reaction plane. The actual 
kinetics of the reaction are immaterial. The initial con­
centration of the reactant is uniformly B°, and z moles of 
it react with each mole of dissolved gas. The concentration 
profile would be expected to be similar to that shown in 
Fig. 2.1.
The solution of the equations governing this case (and 
similar phenomena involving a moving boundary) has been given 
by DANCKWERTS (1950b) and others, for an irreversible reaction:
2.5
erf (dy^DA )
a/c = o  „ x> 2/3Vt
b/B° = erf|^x/2\/(0B't)J - erfO^/be)
2.7
2.6
2.8
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.10oneontra11on profi1e r 
ch em i c al re ac t i. on.
R = DA = EjC* /?A
erf(d/N/DA ) writ. nt
2.9
Mt = 2c E lS  = V 2.10
erf (P/yfo.) U n n i
where.
Ei = 2.11
_ p2/DA 
B A e erf (P/^Da )
erf(P/^DA ) 
and p is defined by
P/DB
e erfc(P/^DB ) = 21.
zc ^A/ 2.12
The factor E^ is thus a function of Db /Da  and B°/zc^. Here 
a,b are the local concentrations of dissolved gas and reactant 
respectively, and Da ,Dq  their diffusivities. The reaction 
plane is at a depth 2p^t beneath the surface. The quantity 
Ej^  is the factor by which the reaction increases the amount 
absorbed in a given time, as compared to absorption without 
reaction.
The concentration p of product (assuming y moles to be 
formed from each mole of gas reacting) is
p = yc
\l
PA ) erfc(P/ \Jdp ) e- 32/Da 
Dp / erfc (P/\/da ) e-p2/Dp
2.13
o< x <  2
p = yc erfc x/2 ^ (Dpt) I e- p2/°A
'P
2.1^
Dp / erfc (p/^DA ) 
x >  2 Pi/t
where Dp is the diffusivity of the product. When.the
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diffusivities are all equal,
p = yB° o< x <  2 P \/t 2.15
z
If, in addition, one mole of reactant reacts with one 
mole of gas to give one mole of product, then y = z = 1, and 
the concentration of product at the surface is the same as that 
of the reactant in the bulk (as shown in Fig. 2.1).
Brian et al (1961) have presented some numerical calcul­
ations which allow a plot to be made showing the factor by 
which the reaction increases the amount absorbed, namely E^, 
as a function of B°/z with Db /D^ as a parameter.
Such a plot is shown in Fig. 2.2 When Ei is much greater 
than unity.
for all values of the variables. Under these conditions 
absorption is equal to that of physical absorption of a gas of 
solubility (c*+ B°/z).
In general, irreversible reactions can be treated as 
instantaneous if the following condition is fulfilled.
Here M^o is the amount of gas which would be absorbed 
in time t if there were no depletion of reactant B in the 
neighbourhood of the surface; if the condition is fulfilled the 
reactant B in fact is entirely depleted in the neighbourhood of
the surface and the rate of reaction is controlled by diffusion 
alone. -152-
2.16
the error being of order l/(2Ej ).
da = db
Ei = 1+B°
When
2.17
2.18
'iwnmiiiafc tn
f°M
2  C T « b
'mWhw I^L I mm 1
« \ d
The above solution does not apply for the case of an 
instantaneous reversible reaction. The deviation due to
reversibility can be estimated in two ways - namely by using
o <
0LANDER!S (I960) solution for the film model ae&d by solving the dqn 
for transient "diffn . with rev. inst. reaction solved by DANCKWERTS
1 ' L(1968). In both cases the diffusivities of all species have 
been assumed equal; it seems unlikely that order of magnitude 
arguments would lead to markedly different conclusions if 
unequal diffusivities were taken into account.
In the case of both film and surface renewal models, 
the result is:
R = kLc* 1 + ( 1 + ‘tKacA - 1
2Ka yv w  ]
2.19
or
\i
M
n
TO
c l  1 + Ki 
2Ka
1 +
1^0*
-  1 2.20
2.1.3 Gas absorption accompanied by a second order.
irreversible chemical reaction
(a) Film model
If dissolved gas A reacts with a dissolved reactant B 
by an irreversible second order reaction.
A + z B   yP 2.21
(the local rate of reaction being k2ab moles of A per unit 
time and volume) the governing equations are
d2a - k2ab = o 
dx2
2.22
-I5>+-
2 . 2 3
2.2b
The general form of the concentration profiles is diown 
in Fig. 2.3.
An analytical solution of this set of equations is not 
available, but VAN KREVELEN and HOFTIJZER (19^8) computed an 
approximate set of solutions for the case c0 = o> and showed 
that they could be fitted within about 10$ by the equation:2.2 5
c
Fig. 2.3* Concentration profiles for second order chemical
with
- z&2ab = o
dx2
ika = c x = o
a = c° x = 8
b = Bo x = d
db = o x = o
dx
reaction, film model
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kLc" VI Ei -  1 /
2.25
tanh //M Ei - b \
\]\ E i - 1)
where
M = Da 1c2B° . Ei = /1 + Db B° \ . E =  g
kL2 \ zDA c*/ kijc*
PEACEMAN (1951) showed this approximate solution deviates 
from the true film theory solution by about 8% •
(b) The penetration theory
The distribution of concentration for the diffusion 
equations 2.22 and 2.23) as predicted by the penetration theory 
is shown in Fig. 2 A .  In this case r = k2ab and
Da = sa + k2ab 2.26
6x2 6t
dB luh = + zk2ab 2.2 7
6x^ 6t
with boundary conditions for a (with c° = o)s 
a = c* x = o t > o
a = co x > o t = o 1 2.28
a = co x = o o  t = o
while for bs
b = B° x > o  t = o
b = B° x = 00 t > o \ 2.29
flb = o x = o t > o
6X
Analytical solutions are not available for these equations. 
However, they have been solved numerically by PERRY and PIGFCRD 
(1953)) by BRIAN et al (1961) and by PEARSON (1963). Brian et 
alfs results extended and improved the results of Perry and
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(a)
o
Cb)
i:i*a '< I, OH 
rtlrr renetioti
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Pigford. However, Pearson*s results varied by as much as 20# 
from Brian et al*s results. BARRETT (1966) extended Pearson*s 
calculations whilst investigating them further in comparison 
to Brian et al*s results. He concluded that Brian et al*s
results presented a more close approximation^to the solution. 
Results of MOLL (1961), which were within 7# of Brian et al's 
values confirmed this conclusion of Barrett.
The number of variables in the equations can be 
conveniently reduced by forming the dimensionless groups.
E = Mt_ I n  m '  = n k2B°t
2c* \j DA t k
Db and Db
•Da  d a
The presentation of the results can be greatly condensed
by using the observation of Brian et al (1961) that they can 
be approximately represented by
1/M;/ Ej - E
E = \| \ Ej - 1
------
tanh /( Ei - 1 J
Brian et al give correction factors for the above 
expression in different ranges of the variables. The error 
does not exceed
10 °/o if Db /Da  > 1? or 12 °/o if Db /D a  > 0.1
HIKITA and ASAI (196*0 have shown that an approximate 
solution for the enhancement-factor when a second order 
irreversible reaction occurs is:
E = ^Y+ n j erf/ 2J \ + I  e-^Y2/n 2>31
2.30
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Comparing equation 2.23 and 2.29 shows the computed values of 
E for the film and penetration models are almost equal for 
given values of M and Ei.
Equation 2.28 is represented graphically in Fig. 2.5*
As just explained it can be used for both film and penetration 
solutions without too much error.
Several limiting types of behaviour can be identified in 
Fig. 2.?.
a)
J M > lOEi
i.e. if ^(DAk2B°) > 10kx j 1 + B°DB / 2-33
1 z Da c *I
which means that the reaction rate constant is high, or the 
concentration of reactant much less than the solubility of the 
gas, or the physical mass transfer coefficient is low. Whatever 
the reason, in this case the expression given for instantaneous 
reaction (equation 2.9) may be used with little error to predict 
the rate of absorption.
b)
1; in these circumstances the time 
of contact between gas and liquid is very short, or the reaction 
is very slow, so that physical absorption predominates and the 
reaction has negligible effect.
c) ^ M < i  Ei
i.e. if
v/(Da1cpB°)^ 1 \ 1 + DbB° \
' " 2 J
\
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. 2 , 5  Enhancement factors for second order’chemical reaction;
for quiescent liquid or agitated liquid. Based on- equation:
m e  poiirc representing the enhancement factor on Fig. 2.5 
falls very close to the limiting diagonal running from top 
right to bottom left. Under these circumstances the reaction 
is pseudo-first order. Physically, this means that the reactant 
diffuses towards the surface fast enough to prevent the reaction
i
causing any significant depletion there (see Fig. 2.*fb). The 
concentration of reactant is everywhere BO, and the local rate 
of reaction of dissolved gas is k2aB°. Provided \j M<-^Ei 
the rate of absorption follows the first order equation to 
within about 10% .
d) 1 «  M /«  Ei the point representing E lies on 
the straight part of the Ei curve. This corresponds to a 
sufficiently long contact time or fast reaction for the first 
order reaction case to be used. Then 
= e« s/(Dk2B°) and E =
The rate of absorption is independent of contact time.
2.2 Reactions
The relevant reactions of carbon dioxide and hydrogen 
sulphide with amines and carbon dioxide with alkalis are 
discussed below under individual headings.
2.2.1 Hydrogen sulphide and ethanolamine solutions 
Fig. 2.1 shows the concentration profile for a truly 
irreversible instantaneous reaction between hydrogen sulphide 
and amine, according to:
r2nh + h2s-» r2nh2+ + HS" 2.35
It involves the transfer of a proton from the hydrogen 
sulphide to the amine molecule (EIGEN and KUSTIN, I960).
When hydrogen sulphide dissolves in water it dissociates 
according to:
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H2S ^HS- + H+?Ki = (HS~)(H+) = 10-7.0 g  m o l / 1  2.36
' (H2S)
HS i  S= + H+| K q = (S=)(H+) = 10-13.90 g mol/1 2.37
^ (HS“)
(the values of the two equilibrium constants are those for
25°C. MARCONNY. 1959)* The solubility of hydrogen sulphide 
in water is about 0,1 g mole/litre at 25°C (see Appendix A) ; 
it can thus be calculated that for a solution of hydrogen : 
sulphide in water:
where p is the partial pressure in atmospheres of the hydrogen 
sulphide corresponding to its concentration. The concentration 
of S= is very much less than that of HS-. Thus, less than 1% 
of the hydrogen sulphide is dissociated whdn the concentratbn 
corresponds to more than 10-2 atm. DANCKWERTS (1968) has shown 
that if the diffusivities of all species are equal the correct 
driving force for calculating the rate of absorption in a case 
of this kind is the total solubility of hydrogen sulphide in 
the ionised and un-ionised forms combined. In this particular 
case, however, the fraction ionised is so small that one can 
neglect its variation with concentration and simply use the 
solubility of hydrogen sulphide at one atmosphere multiplied 
by the partial pressure of hydrogen sulphide as the driving 
force..
In an aqueous solution of an amine, the equilibrium:
is set up. A quantity quoted more often than Kp is Ka i
K = (RsMH)(H+) = Kg
(R2NH2'r) Kb
where Kw = (H+ )(0H “) is the ionic product of water. The
3 2.38
R2NH + H p O ^ R 2NH2+ + OH-;,Kb = (R2NH2+ ) (OH- )
(R2NH)
2.39
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values of Ka are quoted in Table 2.1 from HALL and. SPRINKLE 
(1932).
Species
(gmolZf)
TEA
MEA
DEA
3.63 x 1CT10 
1.318 x 10+9 
1.698 x XO"8
TABLE 2.1 Dissociation constants of amines at infinite 
dilution. (25°$)
When hydrogen sulphide reacts with a solution of an 
amine the reaction involves the hydroxMons present in the 
solution as well as the un-ionised amine molecules; thus 
the reaction:
takes place as well as reaction 2.35*
The combined concentration of undissociated amine plus 
hydroxy l-ion in the bulk of the solution is the same as the 
concentration of amine before dissociation, but the hydroxy 1-ions 
diffuse faster to the reaction zone than do the amine ions.
Thus the rate of reaction is higher than if the amine was 
undissociated. For present purposes it is necessary that 
the amount of hydrogen sulphide reacting with the hydroxyl 
ions should be small compared to that reacting with amine - 
say less than 5$. This requires that in the bulk solution:
H 2S + OH"*— ►HS“ + H20 2.bl
2.1+2
or:
2.^ +3
Thus the condition:
KaB° > k x lCT12
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must be fulfilled at 25°C (when Kw = K T ^ g  ion/1). The 
lowest concentration of amine used in this work was O.lg mol/1; 
the condition will then be fulfilled if Ka is greater than 
b x 10-11 g ion/1. Table 2.1 shows this is so in all cases.
In writing reaction 2.35 it is assumed that no 
appreciable amount of S= ions is formed at the point where 
the hydrogen sulphide and amine molecules meet; this would 
then alter the stoichiometfy of the reaction. Considering a 
point to the right of x = 2p^t in Fig. 2.1, if the hydrogen 
sulphide/amine products were to be shown, it could easily be 
seen that:
(HS~) « (R2]m2+ ) and (R2NH)« B° - (HS“ )
^assuming that (S= ) « ( H S “)J
Considering the equilibrium:
R2HH + H S ~ £ R 2HH2+ + S= 2.1(5
then,
52 = (R2 NH2+ )(S=D ... (S=)' 2A 6
K*. (R2NH)(HS“) ~ Bu - ( H S T
Thus, in the worst case in Table 2.1; namely MEA
(S= ) = | B° - 1 I 10-3-9° 2.^7
(HS~) I (HS“ ) ) 3.63
Thus, moving to the right on Fig. 2.1, the proportion of the 
anions in the form of S= remains very small until the total 
concentration of anions has itself fallen to a very small value 
so that the actual concentration of S= at any point is much 
less than B°. In these circumstances the number of molecules 
of amine reacting with each molecule of hydrogen sulphide 
absorbed is very nearly equal to one.
The reaction 2.35 is not truly reversible.^ The equi­
librium constant of the actual reaction is:
-I6U--
(HS~) (RgMH +) = %  2A8
(H2S)(R2NH) Ka
Equation 2.1^ indicates that when KaB°/K^c «  1, the 
relative error introduced by ignoring the reversibility cf 
the reaction is less than KaB°/K]_c . Using the estimated 
solubilities from Appendix A, and the Ka values from Table 2.1 
it is suggested that the error involved in neglecting revers­
ibility of the reaction 2.35 is over 8$ for all the TEA 
concentrations, DEA concentrations over 0.3 g mol/1 and MEA 
concentrations over 2 g mol/1 used in this study. Thus both 
conditions were considered in the analysis of results.
2.2.2 Carbon dioxide andiiy:(tod.de.. solutions 
PAYKE and DODGE (1932) list eight reactions which may 
occur when C02 is absorbed by aqueous alkaline solutions:
C02 gas --- > C02 dissolved a 2.*+9
C02 dissolved + H20 -^H2C0^ b
H2C03- * H + + HCO3- C
HCO3 — ► H+ + CO3—  d
H+ + 0H “— > H20 e
C02 + OH”— > HCO3" f
HCO3- + 0H“— > CO3 + H 0‘ g
C02 + 20H~ 003*“” + H20 h
Various assumptions as to which of these reactions may 
be controlling lead to different pictures of the mechanism of 
the absorption process. Thus HATTA (1928) assumed that the 
reactions are a, f and g, and that g is much faster than f. 
EUCKEN and GRUTZNER (1927) concluded that the overall reaction 
h goes directly in the presence of free hydroxide and that the 
rate of reaction is very rapid. Generally, reaetionsb, c, f 
and g are considered to be most important. Reaction f is
second order; the rate constant at 20°C and infinite 
dilution (see Appendix A) is about 60001/g mol$s. Reaction 
c is first order, with a rate constant of about 0.02s"^ at 
20°c. Thus, in any solution in which the concentration of 
OH" is greater than 10-lf g ion/1 (pH >10), the rate of 
reaction of CO2 by reaction f will be greater than 0,6s 
and thus more than 30 times as fast as its reaction by c.
Thus, reaction c is normally of negligible importance in 
determining the rate of absorption of CO2 into alkaline (pH > than 1CX 
solns." In this case f is followed instantaneously by reaction 
g, with the overall reaction being reaction h. It is thus a 
second order reaction between CO2 and OH", and the stoich­
iometric factor z (number of OH" ions reacting with one 
molecule of CO2) is 2. The reaction is effectively irreversible 
provided that less than one mole of CO2 is absorbed.for each 
two molecules of hydroxide originally present in the solution, 
as is the case of the runs taken in this work. Also, the 
conditions for pseudo first order are not encountered in the 
contact times and concentrations used in this work.
A good many experiments have been reported on the 
absorption of carbon dioxide into caustic solutions, under 
conditions in which the solution could be regarded as 
stagnant and infinitely deep, so that the expressions of 
Section 2.1.3- should be obeyed. Generally, the results 
of workers such as DANCKWERTS and KENNEDY (1958), NIJSING 
et al (1959)and HIKITA and ASAI (1961+) appear to confirm to 
the theory outlined providing the physical constants are 
estimated correctly (see Appendix A).
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2.2.3 Carbon dioxide and ethanolamlne solutions 
The reactions and equilibria which occur in carbonated 
amine solutions have been discussed in the literature and 
summarised by DANCKWERTS and SHARMA (1966), and ASTARITA 
(1967)j amongst others.
CO2 reacts with a primary or secondary amine in aqueous 
solution to form carbamic acid (JENSEN et al 195*+)5
RR.'nH + C02 ipr- Rr'nCOO- + H+ 2.50
where kg is the second order forward rate constant, and:
f
R = CgHi+OH and ,R = H for monoethanolamine 
R = R 7 = CgH^OH for diethanolamine.
Virtually none of the carfeamic acid formed by reaction 2.50 
is likely to remain in the un-ionised form RR^NCOOH, as its 
pk is likely to be substantially less than the pH of the 
solution (R0UGHT0N, 19^1 and McNEIL, .1965)* The hydrogen 
ion formed by reaction 2.^9 is neutralised by a second molecule 
of amine in an ionic reaction which can be regarded as 
instantaneous:
. rr'nh + h+ ^  rr'rh2+ 2.51
The overall primary reaction between CO2. and amine is thus a 
sura of reactions 2.50 and 2.51s
2RR/’nH + C02 ^  RR-NCOO" . + RR KH2+ 2.52
and the maximum carbonation ratio in the solution (total 
moles COg absorbed per atom of nitrogen) possible if the only 
product of the reaction is the amine carbonate, as in reaction 
2.52, is thus 0.5 (disregarding the free COg, which normally 
constitues.a very small part of the whole). ~
The following reactions also take place:
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C02 + H20 ^ HC03- + H+ 2.53
(A summary of the reactions 2 .*+8 a-c)
where k0 is the pseudo first order forward rate constant, and
C02 + oh- kQHy HC03" 2.9+
\
where k0jj is the second order forward rate constant. The 
reaction:
HCO3- ^  C°3 + H+ 2*55
is virtually instantaneous, but in carbonated amine solutions 
the equilibrium concentration of carbonate ion is always small. 
In the case of interest here, reaction of CO2 with an^thanol 
group to form a substited carbiamic acid would occur to a 
significant extent only if the pH were greater than 11, and 
is thus unimportant in even slightly carbonated solutions.
For the amines considered here, when the carbonation 
ratio is less than 0*5 both kQ and ^oH(0H"*) are very much 
smaller than k2(HH-/NH), and reactions -2.53 2.5^  are thus
slow compared to reaction 2.*f9 and play little part in 
destroying CO2 in the thin reaction-diffusion zone next to 
the gas-liquid interface, and thus in determining directly 
the rate of absorption. In the liquid bulk, however, the 
removal of CO2 by reactions 2.53 and 2.5^  causes partial 
reversal of reaction 2.50, leading to hydrolysis of carbamate 
to amine and bicarbonate:
. C02 + H20 HCO3- + H+ 2.53
H+ + R R ^ N C O O " ^  RR^NH + C02 2.5^
overall:
RR-'nCOCT + H20 ^ ±  RR/NH + HCO3" 2.56
The amine which is thus released diffuses back to the
reaction zone next to the interface and reacts again with CO2
according to reaction 2.50. The reaction-diffusion process
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is illustrated diagrainmatically in Fig, 2.6
as p h a s e
INTERFACE
a c t i o n  
i f  f u s i o n  
ne 2RRhSH + C 0«rv>
C O
R RNCO  Q“
l
l
i
H2 Q + R RMCO C f^H C O g + I R RNH
u l k  l i q u i d
Fig. 2.6 Reaction-diffusion pattern in heterogenous CO2 - amine 
reaction (Dotted lines show direction of diffusion)
. The higher the concentration of free amine in the bulk 
liquid (other things being equal) the greater the rate of absorp 
tion. The rate of carbamate hydrolysis is generally low. 
Especially if the contact time of gas and liquid is short. If 
the hydrolysis is not great, the bulk liquid composition will 
then correspond approximately to the equilibrium position of 
reaction 2-52. As the equilibrium constant of this reaction 
is of the order of 10^ - 10? 1/g mole (HARNED et al 1930), the 
concentration of free CO2 will usually be small compared to 
that of the other species.
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DANCKWERTS and MeNEIL (1967) have indicated that the 
concentration of free C02 is likely to be less than 10-5 
g mole/1 for carbonation ratios under 0.5*
DANCKWERTS and Me NEIL (1967) have analysed the effect 
of catalysts, which allow carbonation ratios*of greater than
0.5, on the absorption of CO2 in aqueous amines. However, 
they suggest that in the absence of a catalyst, and assuming 
a carbonation ratio less than 0.5, with only first equilibrium 
(absence of marked hydrolysis of carbamate the only chemical 
reaction which influences the rate of absorption, is reaction 
2.52s
2RR/NH + C02 ^Ftr/'NCOO-  + RR/NH2+
which takes place in the diffusion-reaction zone near the 
liquid surface. Providing the equilibrium concentration,
Ca of CO2 in the bulk is small compared to the physical 
solubility, c , of CO2 (normally the case when the carbonation 
ratio is less than 0.5)* reaction 2.52 may be assumed irreversible. 
Danckwerts and McNeil therefore suggested that by virtue of 
equations 2*50 and 2.51* absorption of CO2 into amines at 
carbonation ratios less than 0*5 is an example of absorption 
with irreversible second order reaction, having a stoichio­
metric coefficient z = 2. The. analysis of Section 2.1.3 is 
thus applicable.
THOMAS, in some unpublished work on the absorption of 
CO2 by aqueous monoethanolamine over short exposure times does 
point out uncertainty in the true value of z. RR/NH2+ ions 
exist in solution by virtue of the reaction which confers 
the alkalinity on the solution:
RR-NH + H20 — ? RR/KH2+ + OH" . 2.57
He points out that the presence of RR/NH2+ is due to 
this reaction and the depletion of amine which occnrs at the
-I70-
reaction plane produces a very confused and uncertain ionic 
situation.
The Laminar jet results presented in this work consider 
stoichiometric coefficients of value both one and two. However, 
as explained in the Introduction, the main purpose cf this study 
is not a study of the kinetics or exact mechanism of gas 
absorption with reaction; it is mainly concerned with con­
vection in pools of liquid. Similarly it is assumed for the 
purpose of this study that there is no marked hydrolysis of 
carbamate under the conditions utilised i.e. the reaction 
between C02 and amine is considered to be always a second 
order irreversible reaction.
Triethanolamine does not react with C02 to form a 
carbaamate because of the absence of a hydrogen atom attached 
to nitrogen. It is likely it acts as a base thus forming a 
bicarbonate.
2.3 Analysis of Data
The practical results were interpreted basically as 
already outlined in Section One of the thesis. Thus in each 
run the time for the first visible observation of interfacial 
turbulence in the form of roll cells was noted. An inter­
pretation of the fringe pattern before its disruption by 
roll cells was also attempted as outlined in Section One,
Chapter Four. The transducer data could be analysed to times 
as low as 0.1 sec where the U.V. recorder was used as well as 
the polyrecorder.
The Laminar jet data was interpreted as described by 
ADAMS (1963).
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CHAPTER THREE
RESULTS
All the results are recorded graphically. Tabulated 
results are recorded in Appendix C. They are presented 
grouped by method of their origin.
3*1 Interferometric results
The appearance of roll cells prevents detailed analysis 
of the interference fringes as in Section One of the thesis. 
However, before distortion of the fringes by roll cells there 
was a short time interval during which a visible bending of 
the fringes only within one mm of the interface took place. 
Sample calculations based on the analysis for gas absorption 
with physical absorption were carried out for the absorption 
of CC>2 into an aqueous solution containing one gmol/1 of 
monoethanolamine at 21°C.
As shown, the reaction of C02 with monoethanolamine 
can be represented as:
C02 + 2R2NH — ►I^KCOO" + r2nh2+ 3.1
The nature of the interfacial turbulence observed in 
the system suggests that the pertubations have to build up 
to a certain level before they are visually observable.
The analysis of the interference fringes can only really be 
meaningful (in the same way as it is for physical absorption) 
if it is assumed that no carbamate enters the bulk liquid 
before initiation of convective disturbance. This does not 
seem to be such an obviously incorrect assumption in that 
the fringe pattern, tracings of which are shown in Fig. 3.1, 
indicates a decrease in refractive index from the interface 
to the bulk liquid as absorption proceeds. It is shown in
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Appendix A that the solution after absorption has a higher 
refractive index than a corresponding fresh amine solution. 
This would suggest it was feasible for there to be depletion 
of amine (which has a higher refractive index than pure water)
from the interface to the bulk, with no carbamate entering the
\
bulk liquid in the times involved.
From the cell dimensions and wavelength of light, it
has been demonstrated that a fringe shift of one fringe
represents a change in refractive index of 8.*+7 x 10“^ at
that point compared to a straight fringe. The difference
in refractive index between one molar amine and pure water
at 20°C was measured to be 7-7 x 10~3. The relationship
between concentration of amine and refractive index is
linear in the range considered.
The refractive index relationship with the concentration
of amine is given by
A n =  7.7 x 10-3 (C0 - C) 3_2
1. 10-3
c is in gmol/6m 3
= 8.k7 x 10-6 a  
s
Therefore,
C0 - C = 8.1*7 a  10“6 3.3
7-7 s
= 1.1 x 10-6 m
The amine removdd from the bulk, Mp is given by:
MF = XV ' X f  ( c 0 -  C ) X
x = o 3*
comparing 3.3 and 3A  gives: * .
Mp = li.l 2L-l.Q 6 V " ' '  n x  g a p ,!  3 . 5
3 /  j cm^ _
X = o
The area, A, under the fringe pattern is y ^mx
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Hence,
Mp = 1.1 x IQ"6 A 3.6
where A and s are measured directly from Fig. 3.1 in the 
same units and reduced accordingly by the appropriate 
magnification factor. A sample result gives, at one sec
The reason why only one result is calculated is discussed 
later.
The time, tc , from the instant that gas was admitted 
to the liquid chamber to the detection of any visible inter­
facial turbulence for each system and concentration, was 
determined by analysing the cine film recording the run.
The exact frame was more easily located by running the film 
backwards, watching the roll cells regress. These times have 
been plotted on Figs. 3.2 to 3»^» The results of THOMAS and 
McKNICHQLL (1969) obtained at 25°C for the C02/aqueous MEA 
system are also plotted on Fig. 3.2 to compare with the 
findings of this study on the same system. A few typical 
series of interferograms from which Figs. 3*2 to 3-1+ were 
derived are shown for various systems in Figs. 3.5 to 3.9.
In all cases at t< o, the fringes were straight and per- 
pindicular to the interface.' The runs were all taken at 
about 20°C and total pressure around 1 atm. (CO2 partial 
pressure around 0.95 atm). Fig; 3 .6b is typical of an 
interferogram showing the first visible signs of convection.
3.2
These were interpreted exactly similarly to part if.lA, 
Section One of the thesis. Figs. 3*10 to 3.17 show plots of 
total gas absorbed for different contact times, with varying 
concentration of absorbent.
Mp = 6.35 x 10" gmol amine lost/cm2 3.7
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The calculated transducer take-up corresponding to 
the optic value, equation 3*7 is:
trans = 1.2*+ x 10"^ gmol 3,8
cm2
3.3 Laminar Jet, results
*
The runs in this study were all carried out at 25°C 
(£0.1°C) and a total CO2 pressure of about 1 atm including 
the S.V.P. of water under these conditions.
CO2 absorption rates were measured with a stop-watch 
and soap-filmraeter. The results obtained were converted 
into E versus \/m data and compared with other workers results 
at similar concentrations. Tables of results are given, with 
sample calculations, in Appendix C. The results are presented 
graphically in Figs. 3.18, 3*19*
There are conflicting values in published literature 
for the value of k2> the second order rate constant, and z 
the stoichiometric constant. For k2 there are two values 
often quoted at 2?0C: „
a) 5*+60 1/mole sec (PINSENT et al 1956)
b) 76OO 1/mole sec (SHARMA,' 1966 )
As discussed previously z is suggested to be either one 
(EMMERT and PIGFORD 1962a) or two (BRIAN et al 1967 and others).
Values of q^r, r being the diffusivity ratio, and^M 
using both values have been calculated and shown on Figs.
3.18, 3*19 for comparison. BRIAN et al's (1967) numerical 
solution which is used in these figures for a theoretical 
comparison, is based upon a constant value of r = 0.573*
To allow for this value of r in the experimental results, 
the value of q Brian et al allotted to each curve has been 
modified to incorporate the value of r.
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•Fig. 3.1 Interference fringe for absorption of 
COp by IrT aqueous monbethanplaraine 
solution. Initial conditions: T=21 G
p.p.GOp = 0.77 p.atm.
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FIGURES 3. * to 3 • 9 • ^
Interferograms for absorption with 
chemical reaction.See Appendix C 
for details of physical conditions.
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In te r fa c e i l m m
(a) t =  0*2 se c s m arker fringe
In terface
(b) t =  10*5 se c s m arker fringe
In terface
■fm
(c) t =  12 se c s
FIG. 3-5 INTERFEROGRAMS FOR ABSORPTION OF CO, 
INTO 3 N AQUEOUS SODIUM HYDROXIDE
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interface 1m m
(a) t =  0-2 se c s marker fringe
(b) t =  14 se cs
(c) t =  19 se c s
FIG. 3"6 INTERFEROGRAMS FOR ABSORPTION OF CO 
INTO 0-5N AQUEOUS DIETHANOL AMINE
i82«
(a) t =  0*2 secs m arker fringe
(b) t = 25-5 secs marker fringe
(c) t = 30 secs
FIG. 3 - 7  INTERFEROGRAMS FOR ABSORPTION OF COa 
INTO IN AQUEOUS TRIETHANOLAMINE
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(a) t =  0*2 secs marker fringe
Interface
(c) t =  22 secs
FIG. 3-8 INTERFEROGRAMS FOR ABSORPTION OF H S INTO 
1 N AQUEOUS TRIETHANOLAMINE 2
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CHAPTER FOUR
DISCUSSION AND CONCLUSIONS
Clearly, any discussion of the present work can be 
revolved into distinct parts: ,
(a) the laboratory scale phenomenological studies and
(b) the influence of interfacial turbulence on mass transfer 
rates in both laboratory and industrial absorbers.
Two sets of factors influencing the absorption rate of a 
pure gas into a liquid may be distinguished, those of a physi- 
ochemical and those of a hydro dynamical nature. Due to the 
uncertainties surrounding both sets of factors, it is unavoid­
able that the results of this study generally have to be 
interpreted mainly qualitatively.
*f.l Phenomenological Studies
Although several causes of interfacial turbulence are 
reasonably well recognised, they still' generally remain ill- 
defined and evade satisfactory quantitative treatment." A 
summary of the situation has already been presented in Section 
One of the thesis, under the context of thin pools.
The predominance of buoyancy and/or surface tension 
forces as a cause of interfacial turbulence was discussed.
It was concluded that the interfacial turbulence in the sulphur 
dioxide/water system, which exhibits roll cells of a similar 
nature to that observed in systems of this study, was 
predominantly buoyancy driven. In the light of this conclusion, 
it was suspected that the systems investigated in this Section 
might lead to similar findings, especially knowing that the 
unreacted solutions used are less dense than corresponding 
solutions saturated with absorbing gas. (Appendix A) This 
premature verdict is now judged, mainly by way of examination
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of interferograms obtained from the runs, typical of which 
are Figs. 3*5 to 3.9* .
W.l.l Interferograms
It is a worthwhile preliminary noting the relevant points 
about the operation of the interferometer, previously described 
in Section One of the thesis. The main points are:
(a) A movement of a fringe to the left indicates a decrease 
in refractive index with respect to a point deeper in the 
liquid pool. Considering the absorbents used in this study, 
it is shown in Appendix A that the refractive index of the 
solution increases with concentration. Also, the refractive 
index of the solution saturated with absorbing gas generally 
has a higher refractive index than the unreacted solution.
(b) There is a true refractive index reading by a fringe 
only up to 1mm belcjw the interface. After this depth there 
is a transition depth during which the fringe changes to 
become a record of the refractive index gradient.
(c) Points on a fringe up to 1mm below the interface record 
the refractive index of that point compared to a point lram 
below it.
Before commencing a run, the interface and a fringe were 
■tagged1 in order to observe any changes during absorption.
At times less than zero, the fringes were straight and per- 
pindicular to the interface.
The visual picture once absorption commenced was one of 
developing concentration profiles (Figs 3.5a to 3.9a) as the 
solute diffused towards the interface to react with solvent 
in a reaction zone within ;the liquid pool (cf concentration 
profiles in Figs. 2.1 and 2 A ) .
SHERWOOD and PIGFORD (1952) have presented results
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showing concentration profiles during a rapid second order 
reaction. An example is quoted with D& = 10 x 10-6 and 
= 5 x 10-6 cm^/gec. The results show the reaction plane 
to be at a distance of 0.06mm from the interface after a 
gas-liquid contact time of 10 secs. The bulk liquid is at 
its original concentration B0 , about 0.3mm from the interface. 
After 0.625 secs, the figures are reaction plane 0.02mm, B0 , 
at 0.08mm from the interface. Assuming validity of these 
figures, then the reaction zone is too near the interface to . 
be seen with any clarity in the interferograms produced by the 
equipment used in this study. However, the formation and 
movement of the solute concentration profiles is still of 
great interest. It is worth noting that no cellular motion 
is obvious at the comparatively long contact time in Figs.
3«5b to 3*9b, but this does not necessarily mean there is no 
convection before these gas-liquid contact times*
It was demonstrated in Chapter Thfee that the optic 
take-up for the absorption of CO2 into aqueous IN mono ethanol amine 
is significantly smaller than the corresponding transducer value. 
Fig. 3.1 shows that even after 0.2 secs, a fringe shift is seen 
0.25mm from the interface. The diffusivities in this case, 
especially are higher than the figures used by Sherwood 
and Pigford, but smaller than $0% increase in is unlikely 
to be such as to account for the fact a concentration change 
is seen in the liquid pool 0.2mm deeper than predicted by the 
results of Sherwood and Pigford. The presence of reaction 
product, with a higher refractive index than the pure absorbent, 
at depths greater than lmra would account for a net fringe shift 
to the right of that expected if only the liquid reactant 
diffused towards the interface. This would explain the decreased
-1 9 8 -
suggested that similar to the conclusions reached in the 
physical*absorption studies, convection in the 
liquid pool of this study occurs almost instantaneously after 
exposure of gas to liquid. Of course a finite time is required 
for equilibration of the surface tension and/or density
i
differences.
In Section One, calculations were made for critical 
Rayleigh numbers in respect of observed convection in the 
S02/water system. It was found that when the critical Rayleigh 
numbers were compared to results of linearized hydrodynamic 
stability theory, the experimental critical Rayleigh numbers 
lie quite a way above the theoretical predictions. BRIAN et 
al (1971) in some work on cellular convection in desorbing 
surface tension - lowering solutes from water found similar 
results for critical iMarangoni numbers, which are equivalent 
in surface tension-driven convection systems to Rayleigh 
numbers in buoyancy-driven flow. These authors pointed out 
that at the theoretical critical values, the convection could 
be too weak to be detected by their tracer techniques.
Similarly, the wave-front shearing interferometer is unable 
to detect cellular convection below a certain amplitude of the 
roll cells. Bearing this in mind, it was decided not to attempt 
a similar analysis for absorption with reaction.
Further evidence for the presence of convection currents 
in the liquid before optically observed roll cells appear, is 
provided by the 1 tagged1 fringe. The fringe is seen to move . 
deep in the liquid pool with time, after commencement of 
absorption: considerably in cases such as Fig. 3.5 for the 
absorption of CO? by 3N caustic soda. This indicates a change 
in composition deep in the liquid pool. The effect cannot be
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quantitively measured, for as pointed out, previously, below 
1mm from the interface, the fringe profile seen is one repres­
enting a refractive index gradient, which cannot be assessed 
relative to a fringe shift within 1mm of the interface.
Another interesting observation from the ^ interferograms is 
that in some cases, a reversal in the direction cf bending of 
the fringe is seen just below the interface (Fig 3.6b is an 
excellent example). The reversal is completely blotted out in 
some cases such as Fig. 3*5b, where the whole area below the 
interface becomes opaque,/absorbing* the interference fringes.
It is known the absorbent saturated with gas has a refractive 
index greater than the pure solution. The change in the bending 
of the fringes is such as to suggest that there is an accumulation 
of reaction product at the interface. This accumulation is offset 
by viscous forces in the body of the liquid, so that only when 
sufficient reaction product had accumulated to overcome these 
forces, would roll cells be generated as seen by the optics.
This would suggest a predominantly buoyancy-driven mechanism 
for the generation of roll cells - a fact substantiated by the 
occurrence of a minimum in the ,time-concentration* curves,
Figs. 3*2 t o '3.5* It could be that with weak solutions, the 
viscous forces are relatively small, but the times for 
accumulation of the reaction product is large, with concentrated 
solutions, the reverse is true.
Summing up^ it is apparent a contradiction seems to exist.
On one hand it appears convection is almost instantaneously 
generated after gas-liquid contact; on the other hand, reaction 
product accumulates in the interface. The answer may be that 
large scale convection in the form of visible cellular motion 
is prevented until sufficient reaction product has built up to 
overcome vicous forces in the liquid bulk, but small scale
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One. These may not necessarily be buoyancy-driven. As THOMAS 
and McKNICHOLL (1969) suggested from observed results of 
Se nard cells in the C^/monoethanolamine system, it could 
be possible that interfacial disturbance is initiated by a 
surface tension effect (manifested by lie nard cells) and 
the irregular motion in the body of the fluid is propogated 
by buoyancy. In cither case, it is clear that the apparent 
complexity of the mechanism grows.
The opaque region be Low the interface, clearly shown in 
fig 3*5b, varies in thickness with concentration of the 
absorbent. This effect is most marked for the caustic solutions. 
It is not possible to discern the precise point at which the 
fringes merge into the opaque region. However, a clear trend 
of an increasing depth of opaque area, just before the first 
visible signs of roll cells, with increasing concentration of 
absorbent, is well defined for both caustic solutions in Fig.
*t.l, even through the quantitative accuracy may be limited. Once 
again, evidence is presented that sug'.est accummulation of 
reaction produce of the interface.
In Figs. 3*5b to 3.8b the first indication of visible 
turbulence occurs, taking the form of a small convection wave 
moving downwards. As mentioned in Chapter Three, this initiation 
is most easily discerned by viewing the 'collapse' of the 
disturbance seen when the cine film of the run is reversed.
The last frame in Figs. 3-5 to 3*9 shows the disturbance fully 
grown. It was discussed in Section One that analysis of the 
cell in terms of amplitude and wave numbers is not practical 
because of the difficulty of precise measurement of cells with 
such a small size. Although it is not possible to pin-point
- 2 0 1 -
A ©
Cone, g mol / litre
a  KOH
© NaOIT
Fig. 4.1 Absorption of CCU by caustic solutions. Depth 
of surface layer from interferograms. Initial 
conditions: 1-20 0 p.p.CO^ = 0.95p.atm.
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factors governing cell size and formation, it is clear the 
viscosity of the solution is relevant: cell size increases 
with viscosity of the reactant solution.
A comparison of viscosity/concentration plots for various 
systems in Appendix A, with Figs. 3-2 to 3.*f suggests that 
viscosity also plays a major part in determining the time for 
initiation of cellular convection. Viscosity differences of 
the reacting solutions are most marked at higher concentrations, 
as are the times for initiation of convection. Cellular 
motion is not observed in systems of absorption into dilute 
«0.IiO solutions, although some disturbances of the fringes 
is seen in the liquid bulk. It could be that e ither or both 
of viscosity of the reacting solutions, or density differences 
between reactant and product is insufficient to promote 
cellular type of disturbance.
h.2 The influence of interfacial turbulence on mass 
transfer rates.
Figs. 3*10 to 3*17 show transducer1 absorption values 
in terms of total amount absorbed at various tines against 
increasing concentration of absorbent. In each case, the 
'transducer' absorption values reach a maximum and then die 
away with increasing concentration.
Samples of theoretical curves, calculated as suggested 
in Chapter Two, are also plotted in each figure. Generally, 
at the lower time, 10 secs, the calculated curve is greater 
than the experimental curvd, the reverse being true at the 
higher time, 100 secs. Curves relating the time after 
comment erne nt of absorption for the 'transducer' take up to 
equal the initially higher calculated value are shown in 
Figs. b.2 to *+.5*
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Concentration § snoi $ i I t re
a KOH
o 1'TaOH
Ftp;. 4.2 Absorption of CO^ by aqueous hydroxide solutions 
■with second order irreversible reaction. Initial 
conditions: T = 20 C p.p. 00^ =. 0.95ih.&tm.
Time taken for Mt trans = Mt calc.
-20^ -
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S30S 
©SJSJ
'0mIf
75
5 0
0 2 4 6
Concentration g mol / litre
© Diethanolamine 
a LTonoethanolamine
Fig. 4.3 Absorption of COV, by aqueous ethanolamine solutions 
with second order irreversible reaction. Initial 
conditions: 1=20 0 p. p. 00^=0. 95 P, atm.Time taken 
for trans =. calc
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Q
0
Q
0 6
C o n e , g mol /  litre
o Triethanolamine 
□ -Diethanolarnine 
a Monoethanolarnine
Fiy. 4.4 Absorption of H^S by aqueous ethanolamine solutions 
with irreversible instantaneous reaction. Initial 
conditions: T=20° p.p.H2S=0.95P;.sttmTime taken for 
■ trans = calc.
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Fig. 4 . 5  Absorption of'H2 S by aqueous ethanolamine solutions j
with reversible instantaneous reaction. Initial . 1
conditions: T=20 CTp.p.P^S = 0.95P'. atm Time taken for 1
. _ M_|. trans = calc. n
■1
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Due to the many uncertainties concerning the physio- 
chemical properties and reaction mechanisms of the systems 
studied, especially at the long gas-liquid contact times 
considered, the value of these figures is best viewed qualit­
atively. It is reasoned that the fact the ’transducer1 take- 
ups are initially less than those calculated is due to accu­
mulation of reaction product at the interface, thus hindering 
mass transfer. Once cellular motion commences, the mass 
transfer rate becomes greater than predicted, the original 
reduction in mass transfer is compensated for, and eventually 
the total amount of gas absorbed is greater than predicted by 
the theoretical solution, which of course is invalid since 
it does not allow for convective motion within the liquid 
substrate.
Since the viscofeity of absorbent increases with concentration, 
this viscosity increase damps down the added recirculation effect 
due to cellular motion, hence reducing the net effective increase 
in mass transfer. Thus it is not too surprising there is a 
minimum in Figs. *+.2 to *+A, and compliraentarily a maximum in 
Figs. 3.10 to 3*17* This minimum is not at a similar concen­
tration level as Figs. 3*2 to 3*^* This would be expected 
since the effect of cellular convection on mass transfer rates 
would take a finite time after the initiation, shifting the 
minimum to the right as is seen.
Under certain conditions, outlined in Chapter Two, the 
absorption of H2S by amines becomes reversible. This revers­
ibility is more pronounced in firstly triethanolamine, and 
then diethanolamine, both of which were shown to react 
reversibly with H2S at all times under the condition of this 
study. Reversibility increases with concentration of absorbent.
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Fig. 1+.5 is a similar plot to Figs. W.2 to but it is
based on calculations for a reversible reaction between HgS
and amine. Fig. k.k is a complimentary plot assuming an 
irreversible reaction, and is included for comparative purposes 
only. No minimum is shown in Fig. b.$ for both tri and di­
ethanolamine. This suggests that at higher concentrations 
of absorbent, the reversibility of the reaction is such that 
not enough reaction product is allowed to accumulate in the 
surface since this shifts the stability of the system too 
far from its equilibrium position. Hence, in these cases, 
absorption can proceed more in line with its predicted amount.
The absorption of H2S by monoethanolarnine solutions still 
shows a minimum when compared to a predicted reversible (Fig.
^•5) or irreversible (Fig. 1+.1+) reaction. This would suggest 
that even if the second order reactions considered in this 
study are reversible to a limited degree (which might be 
expected under the conditions of the study), it is unlikely 
that the qualitative findings would be altered.
^.2.1. Consideration of Laboratory ami Industrial Absorbers
Earlier published work suggested that in the 'classic* 
example of absorption of C02 by aqueous monoethanolarnine, 
at least 1 sec (DANCKWERTS and T da SILVA, 1967) was required 
for convection currents to develop in a stagnant horizontal 
liquid layer. Longer times were found in comparatively deeper 
pools by THOMAS and McKNICHOLL (1969). This might be expected 
from the study on thin pools in Section One of the thesis.
Theoretical analyses of convection using linearized 
pertubation theory have generally been made for stagnant 
liquid layers (e.g. MAHLER et al, 1970, PEARSON 1958, VIDAL 
and ACRIVOS 19o8 etc.) BRIAN et al (1971) have examined 
the relevant differential equations, and they conclude that
-209-
an analysis for a flowing liquid film would yield the same 
critical Marangoni number, (In their case of surface tension- 
driven flow) or Rayleigh number (for buoyancy-driven flow) for 
the disturbance mode which takes the form of stationary roll 
cells with axes aligned in the direotion of flow. They add 
that this mode of disturbance is unaffected by the mean flow 
velocity and cannot propogate downstream. Liquid phase 
residence time is therefore of no significance.
The 'penetration1 theory idea that the fglling liquid 
film can be modelled by a stagnant liquid layer exposed to 
the gas for a time equivalent to the contact time of the 
falling film is a well accepted concept when applied to the 
diffusion of an absorbing species which does not penetrate 
very deeply into the falling liquid film. However, it appears 
that the model is unlikely to be valid when considering the 
question of hydrodynamic stability queried by results cf this 
study.
As it is, the hydrodynamic stability of flow in the two 
most common laboratory absorbers viz. the short wetted wall 
coluijin and the laminar jet, is open to doubt.
It is well known in the theory of hydrodynamic stability 
(LIN, 1955, SCHLICTING, I960) that the shape of the velocity 
profile of the undisturbed flow has a profound effect upon 
the stability of that flow. The most obvious differences 
between a horizontal stagnant liquid layer and the vertical 
falling liquid film on a flat wall are the orientation of the 
gravity vector relative to the liquid surface and the fact 
the falling film has a parabolic velocity profile while the 
stagnant liquid film is, of course, at rest before any 
instability sets in. It is therefore questionable whether 
these differences between the vertical falling film and the
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horizontal stagnant layer might be sufficient to cause 
extreme differences in their 'resistance' to Rayleigh and/or 
Marangoni instabilities.
Although there is contradiction concerning instability 
at very low Reynolds numbers commonly employed in wetted wall 
columns (BENJAMIN, 1957, 1961, WHITAKER, 196*+ and WHITAKER and 
JONES, 1966), there is no question about the development of 
ripples in such columns as used by BRIAN et al (1967) or 
EMMERT and PIGFORD (1962a). In this range of Reynolds number 
of 1+0 to 900, ripples are found to develop 5 to 10cm down the 
wall from the top, but the uppermost few cms are found to be 
free of ripples (STAIN THORP and ALLEN, 1965). It is this 
fact which has led to the use of a short wetted wall column 
less than 5cm in length, to avoid the problem of ripple form­
ation which is presumed absent at such lengths. (VIVIAN and 
PEACEMAN, 1956).
Although the fluid mechanics of laminar jets is more 
tractable than other flow configurations, the exact influence 
of the flow field on the mass transport process has never been 
completely determined. Since both an interfacial resistance 
and a hydrodynamic effect wotfld tend to reduce mass transfer 
in a practical jet compared to an idealised jet, the effects 
of these two phenomena are difficult to isolate. DUDA and 
VRENTAS (1968) in a rigorous analysis of jet hydrodynamics 
concluded that it is impossible to produce a practical jet 
with a perfectly flat initial velocity profile, thus elimin­
ating all hydrodynamic influences.
In conclusion, it is clear that when buoyancy and/or 
surface tension effects are present, there is likely to be 
some interaction between the different modes of instability in 
the falling liquid films. One would expect that these are far
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less stable systems than a .stagnant horizontal liquid layer. 
Furthermore, these considerations lead one to expect that when 
buoyancy and/or surface tension effects are present, laminar 
jet absorbers may behave quite differently from short wetted 
wall columns even at the same contact time.
In light of the above discussion, it is convenient to 
consider the laminar jet results of this study, summarised 
in Figs.. 3.18 and 3.19* The first figure shows various workers 
results for absorption of C02 ty an approximately IN aqueous 
monoethanolarnine solution. EMMERT and PIGFORD'S (1962&) 
results were obtained using a wetted wall column; the other 
workers used laminar jets. Apart from these authors and 
ASTARITA'S (1960b) American data, results generally follow 
theoretical curves. In Fig. 3.19 none of the results follow 
a particular q^r curve and all the E values exceed the pre­
dicted ones. Furthermore, BRIAN et al's (1967) results and 
EMMERT and PIGFORD'S (1962a), both sets of workers using 
wetted wall columns, show E decreasing with increasing \Jm ,
The theoretical solution (BRIAN et al 1961) of the 
relevant penetration theory equations indicate E increases 
with increasing time (or^M). If practical results show a 
reverse trend, this indicates (since and ^ M  are time 
dependent for constant physical properties) that decreases 
at a faster rate than predicted i.e. the mass transfer rate 
decreases at a faster rate than predicted. The effect is 
most pronounced at low solute concentrations in wetted wall 
columns, which have longer contact times than laminar jets.
As discussed by THOMAS (1969) it may well be connected with 
depletion of reactant at the interface, which this study shows 
ctuld be enhanced by convection. Convection would also increase 
mass transfer rates, thereby bringing all the experimental
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points above theoretical points derived without allowing for 
convection.
In the larger contact time apparatus of other workers, 
depletion could be sufficient to result in an overall decrease 
in mass transfer rates with time enough to give results as in 
Fig. 3.19 showing a downward trend with increasing ^ M.
The jet used in this study has a possible contact time 
(0.005 sec) smaller than any other know apparatus used for 
similar work. It could be that in this time, depletion is 
not sufficient to decrease the mass transfer rate enough to 
show a downward trend of points. However, in view of the 
complications raised by the suggestion of the presence of 
convection in the jet (affirmed by BRIAN et al 1967) it is 
unwise to conjecture too much. It is impossible at this 
stage to comment regarding accumulation of reaction product 
in flowing systems.
Certainly, the quandry about the value of the stoichio­
metric constant, z seems less relevant now in that it is 
hard to imagine the penetration theory solution used giving 
an accurate prediction of the true mechanism.
As THOMAS and McNICHOLL (1969) have discussed in the 
light of work by SHULMAN and MELLISH (1967), if there exist 
many semi-stagnant or stagnant pools in an irrigated packing, 
where gas and liquid are in contact for relatively long 
periods, mass transfer will be significantly increased by 
the resultant interfacial turbulence. The results of this 
study emphasise this deduction. Thus, interfacial turbulence 
is probably of great significance in the analysis of mass 
transfer in packed towers, particularly where absorption with 
reaction is concerned.
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W.3 Summary
Recently, DANCKWERTS (1970, P* 250) has explained anolomous 
behaviour in the C(^/monoethanolarnine system by stating!
'•The absorption of CO2 by solutions of amines is complicated 
by a phenomena which is apparently due to convection effects." 
This statement is perhaps synonymous with current knowledge in 
such systems.
It is true, generally, that much experimental data in the 
field of absorption with chemical reaction is anolomous. The 
C02/amine system has been much discussed already. MOLL (1961) 
in studies of C02 absorption by caustic soda consistently 
found experimental results higher than theoretical, as did 
REHM et al (1963). They suggested the reason was due to 
errors in predicting physical constants; also the side reactions
0H~ + HCO3--+ C03= + H2O
further depleted the hydroxyl concentration. VASSILaTOS et 
al (1962) in similar work found none of the Kishinveski, 
Toor-Marchello, film or penetration theories fitted their 
experimental results higher than a 0.85 N concentration of 
caustic soda. They also found a maximum in the absorption 
rate at about 2N caustic soda concentration. This was 
noticed as long ago as 1930 by DAVIS and CRANDALL, HITCHCOCK, 
(193W), TEPE et al (19^3), KISHINEVSKY et al (1951), and more 
recently by ONDA et al (1968). The peak has generally been 
attributed to the effect of increasing viscosity and changing 
0H“ activity at high NaOH concentrations.
Several of the early workers, especially DAVIS and 
CRANDALL (1930) presented 'strong1 evidence that sodium bi­
carbonate precipitated in the 'stationary film' when C02 is 
absorbed by solutions of caustic soda. "The precipitate in
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the film showed as a cloud which sometimes gradually and 
quickly obscured the field of vision", is how they described 
the absorption. Their liquid pool was only 2mm deep so it 
would be expected the pool would reach saturation more quickly 
than the 25mm deep pools used in this study, but otherwise it 
really seems that they observed the same phenomena elucidated 
in this study, ignoring the chemistry of the process which 
has subsequently been disagreed upon (e.g. VASSILATOS et al, 
1962.) SHRIER and DANCKWERTS (1969) in their study into 
absorption of C02 by amine promoted potash noticed con­
siderable variation in mass transfer rate whether the stirrer 
of their stirred cell swept the surface or not. KOBYASHI et 
al (1967), using a similar stirred cell to LEWIS (195^), 
observed absorption rates of C02 by caustic solutions. For 
solutions over 3^, the absorption rate of a stagnant solution 
was found by them to be higher than for a stirred one. At 
lower strength the reverse was true. Their analytical results 
could hot be attributed to a change of liquid mass transfer 
coefficient, decrease of the solubility of absorbing gas in 
concentrated solutions and to an increase of the gas-phase 
mass transfer resistance due to vapour generated by an 
increase of surface temperature. They concluded that the 
major reason for the phenomena is the accumulation of reaction 
products in the neighbourhood of the liquid interface. They 
quote three Japanese papers in which experimental evidence is 
given by which it is shown that in the absorption with 
chemical reaction into concentrated solutions, crystallisation 
of reaction products takes place at the interface. They add 
that their strange results can be explained analytically by 
taking into consideration the effects of the reversibility of 
the chemical reaction, the super-saturation, and the liquid
-2 1 5 -
surface temperature which exercises much influence on product 
solubility and on diffusion coefficients.
It is clear, therefore, that the findings of this study 
are not unique. The phenomena involved have been noticed for 
many years. An attempt has been made to clarify the situation 
by the results obtained.
.Conclusions
It is suggested that two major conclusions are reached 
from the work in this study on simultaneous gas absorption 
with chemical reaction in horizontal stagnant fluid layers*
1) An almost instantaneous convection is set up upon 
exposure of gas to liquid*
(a) 'Transducer* take-up>*>optic value at short times
(b) Movement of marker fringe
(c) Laminar jet results indicate considerable depletion 
of reactant at interface for dilute solutions
(< 0.5N); anolomous mass transfer results.
Possible mechanism as suggested by CHAN and SCRIVEN (1970).
2) Accumulation of reaction product at interface
(a) Mt calc>Mt trans before convection is fully developed.
(b) 'Peak1 in transducer 'take-up curve'.
(c) Visibility of opaque area below interface previous 
to observation of cellular convection.
Qualitatively it is suggested the mechanism is similar to 
Fig. ^.6. Here frames are shown for the absorption of CO^ 
by barium hydroxide. The reaction product is insoluble 
barium carbonate. As RAMACHANDRA and SHARMA (19b9) point 
out, absorption with reaction in a slurry containing sparingly 
soluble fine particles is far different from a normal gas/ 
liquid absorption process. However, the frames visually 
illustrate a possible similar mechanism for crystalline 
reaction products.
-2 1 6 -
Additional support is provided in Fig. M-.7. Here the 
surface of liquid was sprayed with liquid from the gas/liquid 
chamber value, the seal of which has liquid trapped in it.
Thus immediately after exposure of gas to liquid, the surface 
of the 'stagnant1 liquid was sprayed with fine liquid droplets. 
These must have broken the surface layer, thus considerably 
increasing the mass transfer rate, as shown in Fig. *f.7«
This certainly appears to be the most feasable explanation 
of the results of Fig. f^.7, fitting in with the rest of the 
deductions made.
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N O M E N C L A T U R E
Area under fringe cm
Surface area of absorption cm
B Initial concentration of reactant
in bulk
liquid
g. mole 
litre
Concentration of gas in solution g. mole 
.3cm'
x Concentration of gas at level x 
in solution
g. mole 
cm
av Average concentration assigned to 
eddies
g. mole 
.3cm-
Initial concentration of gas in 
solution
g. mole 
,3cm*
Surface concentration of gas in 
solution
g. mole 
3cm
c g optic c Q measured optically g. mole 
,3cm-
cs true cs optic +• cav 
- 220-
g .m o le
cm3
at the free liquid surface
Thickness of liquid layer or depth 
of pool
Diffusivity of dissolved gas in solution
Diffusivity of reactant B in solution
Diffusivity of product P of reaction
Enhancement factor, i.e. factor by 
which amount of gas absorbed in time 
and is increased by reaction.
Enhancement factor when reaction is 
instantaneous or rate of reaction is 
controlled entirely by diffusion.
2y - z
dz (tabulated function)
mm
p
cm /sec
P
cm /sec
p
cm /sec
= 1 - erf (y)
2Flux of substance across plane g. mole/cm sec
Gravitational acceleration 2 , cm /sec
Henry* s law constant atm cm^/g. mole
A’ “R u c a u o  \j j . Q U O U J .  OJ.UJ.Ij i o  cr.\^  u JL Uli u t t i / g .  r n u i e
I Ionic strength
k Constant coefficient in Crank,s
equations, Section I, equation 2.20
kg Second-order rate constant for l/g« mole sec
reaction of gas with reactant
in solution
k^ Liquid-film mass "transfer coefficient cm/sec
k Coefficient of surface resistance cm/secs '
K Equilibrium constant
Ka Befined by equation 2 .4 0, Section two
Kb Defined by equation 2.39? Section two
Kw Ionic product of water (g. mole/ 1)^
First dissociation constant of S, 
equation 2.36, Section two
Second dissociation constant of S, 
equation 2.37, Section two
- 2 2 2 -
Fringe shift cm or mm
Fringe shift at level » cm or mm
Fringe shift at surface cm or mm
Marangoni number as defined by 
equation-7-5, Section two
^2 ‘B° M, for CO^/monoethanolamine
“”2 only,
1 Mjwith K2 = 5,460 at 25° C
Similarly . , = 7,600
at 25° C
n k„ B° t 
V
2Total gas take-up at time t g* mole/cm
Total amount of gas absorbed m  time t g* mole
 2
if there were no depletion of reactant cm
B in the neighbourhood of the surface.
Equation 2.1 8, Section two
Total gas take-up, time t,with surfactant g. mole 
present cm
2
M, due to connection g. mole/cm
t
udiffusion equations
Mf, optic) as calculated from optical
M-p ) fringe
2g. mole/cm
trans as determined by transducer
n
A n
h (t)
P
P
q
r
R
R
Refractive index of liquid 
Change in refractive index 
Refractive index at levelx
Moles gas absorbed. Equation 4.11,
Section one
Partial pressure of soluble gas atm
in bulk 
of gas,
or concentration of product of reaction
Total gas pressure atm or mm Hg
B° / z c*
Diffusivity ratio
= M. trans
Rate of absorption per unit area of 
surface after contact time t
g. mole 
cm V s e c .
-2 2 *+ -
contact-time t
Rayleigh number defined by equation 
4.33, Section one.
Critical value of Rayleigh number, 
defined by equation 4.34, Section one
Fringe spacing
Schmidt number
Time of gas/liquid exposure
Dimensional critical time for first 
visible sign of convection
Temperature
Defined by equation 4.27, Section one
Distance from interface in direction 
of diffusion
Optical penetration depth of gas 
in liquid
Defined by equation 4.28, Section one
v v uxurno ui g,cta ojjuvjc jl.i i ucii \ u u  • £-v/ui * + ^  f'j v^ui /
z Sttfachiometficcoefficient
Z Defined by equation 4.26, Section one
a Constant coefficient of expansion
p Defined by equation 2.12, Section two
Y Defined by equation 2.32, Section two
X Wavelength of light
H Absolute liquid viscosity g/cm sec
2
v Kinematic liquid viscosity cm /sec
p Density g. mole/cm*^
a Surface tension dyne/cm
X  Dimensionless critical time. Equation
4.35, Section one.
-226-
LITERATURE CITED
ADAMS, M.. 
ANDREW, S
ARNOLD, A 
ASTARITA, 
ibid
ibid
ibid
BAIRD, M.I
b a l l , j •g <
BARRETT, I 
BENJAMIN,
ibid
BERG, J.C. 
BLAIR, L .b
b l a n k, m . ,
BOHDAPECA,
J. Ph.D. thesis, University of London, 1963.
• P.S. Alta Technologia Chimica; Processi di
Scambid, Academia Nazionale del Lincei, 
Roma, 1961, p. 153*
J. Amm. Chem. Soc., 52, 3937 (1930)
Gianni Chim. Ind. 8^9 (1960a)
M.Ch. Eng. Thesis, University of Delaware, 
Delaware, Newark 1960b.
Chem. Eng. Sci., 16, 202 (1961) 
nMass transfer with chemical reaction" 
Elsevier publishing Co., London 1967*
1.1., J.F. DAVIDSON, Chem. Eng. Sci., 12, 87 (1962)
►, D.M. HIMMELBLAU, “Advances in Chemical Physics"
Vol.. 13, Academic Press Inc.,
New York 1968.
>.V.L. Ph.D. Thesis, Cambridge University 1966.
T.B., J. Fluid Mech., 55^ (1957)*
Corrigendum 2, 657
J. Fluid Mech., 10, bOl (1961)
,, Ph.D. Thesis, University of California,
Berkely, California 196*+.
1., J.A. QUINN, J. Fluid Mech., 3^5 (1969)*
"Retardation of evaporation by monolayers" 
(Ed. V.K. La Mer), Academic Press, New 
York 1962.
T.H., Chemical Abstracts, £2, 8 0 W + k  (1968)
- 2 2 7 -
B K J L A W ,  J t ' . J U . i .
BRIAN, P.L.T. 
BRIAN, P.L.T.
BROWN, A.H• 
BURNETT, J.C. 
BRYNGDAHL, 0. 
ibid
BRYNGDAHL, 0. 
ibid
CALDWELL, C.S
CARSLAN, U.S.
CHAN, v\/ «C •, L • 
CHANDRA, K., 
CHANDRASEKHAR
CHIANG, S.H., 
ibid
CLARKE, J.K.A. 
CRANK, J.,
CULLEN, E.J.,
ibid
ibid
DANCKWERTS, P.
ibid
ibid
2, 226 (1961).
, J.fi. VIVIAN, O.C. MATIATOS, A.I.Ch.fi.J., 13, 28(1967) 
, J.E. VIVIAN, S.T. MAYR, Ind.Eng.Chem. Fund, 10, 75
(1971)
Brit. Chem. Eng., 10, 622 (1965)
Jr., D.M.H. HIMMELBLAU, A.I.Ch.E.J., 1£, 185 (1970) 
i Acta. Chem. Scand., 1JL, 1017 (1957)*
Acta. Chem. Scand., JL£, 68^ (1958)
, S.. L JUNGGREN, Acta. Chem. Scand., 16, 2162 (1962)
J. Physics Chem., lA, 12bb (I960)
,, J.R. HALL, A.L. BABB, Rev. Sci. Instr., £gj. 816
(1957).
, J.C. JAEGl R, "Conduction of heat in solids"
Clarendon Press, Oxford, 1959*
S.SCRIVEN, Ind.Eng.Chem.Fund., 2i (1970)
Proc. Roy. Soc. a /6^. 231 (1938).
S., Hydrodynamic and Hydromagnetic Stability,
Oxford Univ. Press I960.
H.L. TOOR,A.I.Ch.E.J., 3, lb5, (1959).
A.I.Ch.E.J., 10, 398 (196*+).
, Ind. Eng. Chem. Fund, 3,, 239 (196W).
"Mathematics of Diffusion", Clarendon 
Press, Oxford, 1957*
J.F. DAVIDSON, Chem. Eng. Sci, £, h-9 (1956).
Trans. Far. Soc., 33, 121 (1957a).
Trans. Far. Soc., 33, 51 (1957b).
V., Trans Far. Soc., M i  300 (1950a).
Trans. Far. Soc., b6, 712 (1950b).
Ind. Eng. Chem., ]+3, lh-60 (1951)*
- 2 2 8 -
DANCKWERTS, P.V., A.M. KENNEDY, Trans. Inst. Chem. Eng. 5 2 ,
53 (195b).
DANCKWERTS, P.V., A.I.Ch.E.J., 1, b56 (1955)-
DANCKWERTS, P . V ., il.M. SIIARMA, The Chemical Engineer, No 202,
CE2bb (1966).
DANCKWERTS, P.V., TAVARES DA SILVA, Chem. Eng. Sci., 15, 28 (1967)* 
DANCKWERTS, P.V., IC.M. ilcNEIL, Trans. Inst. Chem. Eng., b2,
T32 (1967).
Dri.nCKWc.RTS, P.V., Chem. Eng. Sci., £5, 10b-5 (1968).
ibid "Gas liquid Reactions" RcGravj Hill,
London, 1970.
DANG Vi—DUGi'i G» , N. GILL, A • I • Ch.-u. J •, lb, 793 (1970).
DA ' I111.S, -I.e., i/.E. i aNEli.-ljL, J.Am.Chem. Soc., 5£, 3769 (1930). 
DriVIinb, J.I., A .a. ivILi\iiiiii, G . A . Raj. C Ex I1 x1, C ne m • Eng • ec 1. ,
583 ? (196b ).
DjDa, J.L., J «E . VR..Nj.aS, A.I.Ch. j_i.J., lb, 286 (19o 8 ✓» 
ajC Khih b^Lib&i i, c». ni., Jr., E . L . BARnHaRT , A.I.Ch.E.J., 2  5 o31 (19o 1). 
_IGEN, ii., K.J. KUSTIN, J .Am.Chem. Soc., 8 £, 9852 (I960). 
eLWORTHY, P.H., A.T. FLORENCE, C.B. MACFaRLANE, "Solubilisation by
surface-active agents" Chapman and Hall, 
London, 1 9 6 8 ).
Hi-LiEiif, R.E., R.L. PIGFORD, Chem. Eng. Prog., 5 jj> 87 (195b).
ibid A.I.Ch.E• J., 8, 171 (1962a).
ibid A.I.Ch.E.J., £, 702 (1962b)
e UCKEN, A., II.B. GRUTZNER, Z. Physik. Chem., 125. 385 (1927). 
FORTESCUE, G.E., J.R.A. PEaRSON, Chem. Eng. Sci., £2, 1163 (1967). 
GILLILAND, E.!{.,•• R.F. BADjOUR, P.L.T. BRIAN, A.I.Ch.E.J., b, 223
(1958).
G00DGAME, G., T.K. SHERWOOD, Chem. Eng. Sci, 81, 37 (195b). 
GOODRIDGE, F., I.D. ROBB, Ind. Eng. Chem. Fund., b, b9 (1965).
HaLL, N.F., ri.R. SPRINKLE, J.Am.Chem.Soc., 5k? 3b69 (1932).
-229-
HALUSKA, J.L. 
HARKED, H.S., 
HARRIOT, P., 
HARVEY, E.A., 
HARVEY, B.A., 
HATTA, S.,
HAYDON,. D.A., 
ibid
HEIDEGER, W.J 
HICKMAN, K.C.3 
HIGBIE, R.,
HIKITA, H., S. 
HITCHCOCK, L., 
HOLDER, D.W*, 
INGELSTAM, E., 
JENKINS, F.A..
JENSEN, M.3.,
KAMAL, M.R., 1 
KING, C.J., 
ibid
KISHINEVSKII,
•KISHINEVSKII,
KISHINEVSKII,
KISHINEVSKII, 
KOBAYASHI, T.r
, C.P. CULVER, A .JL .cn .E .d .,  1 0 . oyi viyyu;.
J.B. OWEN, J.Am.Chem.Soc., 52, 5079 (1930).
Chem.Eng.Sci., 12, lk-9, (1962).
Ph.D. Thesis, University of London 1959*
W. SMITH, Chem.Eng.Sci., 10, 27k (1959).
Technol.Repts.Tohoku Imp. Univ., £, 1 
(1928-9).
Nature, 126, 839 (1955)- 
Proc.Roy.Soc., A.2k  ^ . k83 (1957).
,, A. VA3UDEV, Nature. 209. 295 (1966).
)., Ind.Eng.Chem., kk, 1892 (1952).
Trans. Amer. Inst. Chem. Eng., 31, 365 (1935) 
ASAI, Kagaku Kogaku(Eng. Trans.) 2, 115 (196k).
Ind.Eng.Chem., 26, 1158 (193k).
R.J. NORTH, AGARD rept. 1956.
J.Opt.Soc.Amer., kZ, 536 (1957).
H.E. WHITE, "Fundamentals of Optics" 3rd ed.
McGraw Hill, New York 1957.
E. JORGENSEN, C. FAURHOLT, Acta.Chem.Scand., 6 , 1137,
(195^ ).
i.N. CANSAR Chem. Eng. Prog., 62, 86 (1966).
A.I.Ch.E.J., 10, 671 (196k).
Ind.Eng.Chem.Fund., 3, 1 (1966).
M.Kh., A.V.. PAMFILOV, Zh.Prikl.Khim., 22, 1173(19k9). 
M.Kh., M.A. KERDIVARENKO, J.Appl.Chem. USSR(Eng. trans)
2k, kk-9 (195D.
M.Kh., V.T. SEREBRIANSKI, J.Appl.Chem. USSR, 22, 29
(1956).
M.Kh., J.Appl.Chem. USSR, 28, 881 (1955).
., H. INOVE, S. YAGI, Kagaku Kogaku(Eng. trans.) 3,
211 (1967)
-230-
KOHL, A.I., R. MILLER, U.S. Patent 2926751, March I960 
KOHL, A.I., F.C. RIESENFELD, "Gas Purification", McGraw Hill,
New York I960.
Van KREVELEN, D.W., P.J. HOFTIJZER, Rec.Trav.Chira., £Z> 563(19^8). 
LADENBURG, R.W., ed. "Physical Measurements in Gas Dynamics
and Combustion" Part l,Vol. IX.
Princetown University Press, 1951*- 
LEBEDEFF, M.A., Rev. d'Optiques, %  385 (1930).
LEONARD, J.H., G. HOUGHTON, Chem.Sng.Sci., i£, 133 (1963).
LEVENGOOD, W.C. Astrophys. J., 122, >+83 (1959).
LEWIS, J.B., H.R.C. PRATT, Nature, 121, U 5 5  (1953).
LEWIS, J.B., Chem.Eng.Sci., J, 2*+8 (195^).
LIN, C.S., R.S. MOULTON, G.L. PUTNAM, Ind.Eng.Chem., i5, 6^-0(1953) 
LIN, C.C., "The Theory of Hydrodynamic Stability",
Cambridge University Press 1955*
LONG, F.A., W.F. McDEVIT, Chem.Rev., 51, 119 (1952).
LUTTON, R.C., Ph.D. Thesis, University of Washington
Seattle 1968.
LYNN, S., J.R. STRAATEMEIER, H. KRAMERS, Chem.Eng.Sci., >+, b-9(1955) 
McNEIL, K.M., Ph.D. Thesis, University of Cambridge 1965*
MAHLER, E.G., Ph.D. Thesis, University of Texas 1968
MAHLER, E.G., R. SCHECHTER, Chem.Eng.Sci., 25, 955 (1970).
MAHLER, E.G., R. SCHECHTER' E.H. WISSLER, Phys.Fluids, H ,  1901(1968) 
MARCHELLO, J.M., H.L. TOOR, Ind.Eng.Chem.Fund., 2> 8 (1963).
MARCONNY, G., Electrochim.Acta., 1, 58 (1959).
MILLER, 3.A., "Acetylene Vol.l, Ernest Benn, London 1963-
MOLL, A.J., M.Sc. Thesis, University of Washington,
Seattle 1961.
MULLIN, J.W., J. GARSIDE, P.J.M. UNAHABHAKHA, J.App.Chem., 15> 502
(1965).
OLANDER, D.R., A.I.Ch.E.J., 5, 233 (I960).
-23I-
ONDA, K., E. SADA, H. TAKENCKI, J.Chem.Eng. Japan, 1, 62 (1968). 
ORELL, A., W.J. WESTWAlER, A.I.Ch.E.J., £, 350 (1962).
PAYNE, J.W., B.F. DODGE, Ind.Eng.Chem., 2)±> 630 (1932).
PEACEMAN, D.W., Sc.D. Thesis, M.I.T., Cambridge 1951.
PEARSON, J.R.A., J.Fluid Mech., it, b-89 (1958).
ibid Appl.Sci.Res. A.ll, 321 (1963).
PERRY, R.H., R.L. PIGFORD, Ind.Eng.Chem., J+5, 12>+7 (1953).
PINSENT, B.R.W., D. PEARSON, F.J.W. ROUGHTON, Trans.Far.Soc., 52>
1512 (1956).
PLEVAN, R.E., J .A. QUINN, A.I.Ch.E.J., 12, 89^ 1966.
RAIMONDI, P., H.L. TOOR,A.I.Ch.E.J., 5 , 86 (1959).
RAMACHANDRAN, P.A., M.M. SHARMA, Chem.Eng.Sci., 2k> 1681 (1969). 
RATCLIFF, G.A., J.G. HOLDCROFT, Trans.Inst.Chem.Engrs., 1+1, 315
(1963)
REID, R.C., T.K. SHERWOOD, "The Properties of Gases and Liquids",
McGraw Hill (1958).
REHM, T.R., A.J. MOLL, A.L. BABB, A.I.Ch.E.J., 5 , 760 (1963). 
ROUGHTON, F.J.W., J.Amer.Chem.Soc., £2 , 2933 (19*+1).
RUCKENSTEIN, E., C. BERBENTE, Chem.Eng.Sci., 2l> *+75 (1970). 
RUCKENSTEIN, E., 0. SMIGELSCHI, D.G. SUCIU, Chem.Eng.Sci., 2 1  j
12^9 (1970).
SCHLICTING, H. "Boundary Layer Theory", McGraw Hill I960.
SCHMIDT, R.J., S.W. MILVERTON, Proc.Roy.Soc., A.1H2. H86 (19355. 
SHARMA, M.M. Trans.Faraday Soc., £1, 681 (1965).
ibid Ph.D. Thesis, University Cambridge 196*+.
SHERWOOD, T.K., R.L. PIGFORD, "Absorption and Extraction" McGraw
Hill, New York 1952 
SHRIER, A.L., P.V. DANCKWERTS, Ind.Eng.Chem.Fund., £, 1+15 (1969). 
SHULMAN, H.L., C.F. ULLRICH, N. WELLS, A.I.Ch.E.J., 1, 12*+7(1955a). 
SHULMAN, H.L., C.F.. ULLRICH, A.Z. PROULX, J.O. ZIMMERMAN,
A.I.Ch.E.J., i, 258 (1955b).
SHULMAN, H.L., W.G. MELLISH, A.I.Ch.E.J., 12, 1137 (1967). 
SPANGENBERG, W.B., W.R. ROWLAND, Phys.Fluids, b, 7*+3 (1961). 
STAINTHORP, F.P., J.M. ALLEN, Trans.Inst.Chem.Eng., 1j2, 185(1965). 
STERNLING, C.V.,L.E. SCRIVEN, A.I.Ch.E.J., 5, 5lb (1959).
SUTTON, O.G., Proe.Roy.Soc., A.20b-. 297 (1950).
SVENNSON, H., Opta.Acta., 2, 16b- (1956).
TERNOVSKAYA, A.N., A.P. BELLOPOLSKII, Zhus.Fiz.Khira.2k, b-3(1950). 
THOMAS, W.J., I.A. FURZER, Chem.Eng.Sci., 12, 115 (1962).
THOMAS, W.J., M.J. ADAMS, T.Far.Soc., £1, 668 (1965).
THOMAS, W.J., McK.NICHOLL, App.Optic , k» 823 (1965).
THOMAS, W.J., A.I.Ch.E.J., 12, 1051 (1966).
THOMAS, W.J., J.Appl.Chem., 1Z, 350 (1967).
THOMAS, W.J., E. McK.NICHOLL, Chem.Eng.Sci., 22, 1877 (1967). 
ibid Trans. Inst.Chem.Eng., kZ, ^325 (1969).
THOMAS, W.J., Unpublished work 1969.
THOMPSON, D.W., Ind. Eng. Chem. Fund., 5 , 2b-3 (1970).
TIMSON, W.J., C.G. DUNN,Ind.Eng.Chem., £2, 799 (I960).
TOOR, H.L., J.M. MARCHELLO, A.I.Ch.E.J., b, 97 (1958).
TREYBAL, R.E. "Liquid Extraction", McGraw Hill, New York
1963.
VASSILATOS, G., 0. TRASS, A.I. JOHNSON, Can. J.Chem.Eng., k2, 210
(1962).
VIDAL, A., A. ACRIVOS, Ind.Eng.Chem.Fund., 2, 53, (1968).
VIELSTICH, A., Chem.Ing.Tech., 2&, 5^3 (1956)
VITOVEC, J., Coll.Czech.Chem.Comm., 23, 1203 (1968).
VIVIAN, J.E., D.W. PEACEMAN, A.I.Ch.E.J., 2, ^37 (1956).
WATSON, H.E., J.Amer.Chem.Soc., Z£, 588b- (195b-).
WHITAKER, S.I., Ind.Eng.Chem.Fund., 2, 132 (196b-).
WHITAKER, S.I., L.O. JONES, A.I.Ch.E.J., 12, b-27 (1966).
WHITMAN, W.G., Chem. and Met. Eng., k» lb6 (1923).
WISE, D.L., G. HOUGHTON,Chem.Eng.Sci., 2i, 999 (1966).
APPENDIX A
P H Y S I C A L  P R O P E R T I E S
-23^-
APPENDIX A
A.1 DENSITY
To indicate that there was a driving force for buoyancy 
driven convection, approximate data was obtained to show 
relative increases in density of solutions saturated with 
absorbing gas. The results, obtained by accurate weighing 
of known volumes at a fixed temperature, are shown in Table A.I.
System
Increase in relative density 
with saturation at 20°C.
C0 z/Q. IN monoe thanolamine
IN ii
ii
IN caustic soda
O.75N caustic potash
Table A.l Increase in relative density of various solutions 
after saturation with absorbing gas.
A.2 DIFFUSIVITY
The kinetic theory of liquids presents notorious 
difficulties. It is not suprising therefore, that there 
are no satisfactory methods of predicting diffusivities in 
liquid systems from first principles. KAMAL and CANJAR (19b6) 
and WISE and HOUGHTON (i960) both give extensive reviews of 
the various theories and correlations which have been proposed, 
One of the simplest relationships is the Nernst-fiinstein 
equation:
Dp = constant A.l
Values of the constant are shown in Table A .2 for the 
C02/water system, using the diffusivity data of THOMAS and 
ADAMS (1965).
Temp °C 0 20 30 IfO 50
1 cP 1.792 1.005 0.801 0.656 0.5^9
D cm x 106 9.8 17.3 22.k 28.k 35.6
sec
E e  X 108  6.W2 5.90 5.89 5.96 6.07
T
D i* x 1CP i.75 1-73 1-79 1.87 1.96
Table A.2 Evaluation of Nernst-Einstein equation constant 
for C02/water system.
Table A.2 signifies that theNernst-Einstein relationship 
is not satisfactory over a wide temperature range.
A less general approach is to assume:
Dji = (constant)^
or > A.2
Dji° = (consta±)j
-23o-
where a is a constant depending on the solution, and the 
constants are functions of temperature, but independent of 
the solution composition.
liquation A. 2 was adopted by RATCLIFF and HOLDCR0FT 
(19o3) who tentatively suggested a = O.037 for all electro­
lytes from their work on a sphere column, and NIJSING et al
(1959) who measured the diffusivity of CO^ in magnesium and 
sodium sulphate solutions in a wetted wall column. These 
latter authors found a to be 0.8 to 0.9 for the solutions 
studied. BARnZTT (19b6) subsequently re-analysed their 
data with an improved regression analysis solution, and 
found a = 0.77 for magnesium sulphate and 1.2 for sodium 
suLphate solutions.
It is clear liffusivity data is conflicting when 
comparing various workers results. It Is difficult to judge 
which value of a will lead to least errors.
In Figs. A.l to A.6, diffusivity data is presented for 
the systems of interest to this study. This is either obtained
from literature values, or is estimated by using equation A.2 
and assuming a = u.ob- for organic solutions, and 0.85 for strong 
inorganic electrolyte solutions. The x-axis represents graol/1 
concentration of solute in water, the y-axis is diffusivity
Amines in water. Adapted from THOMAS and 
FUKZLR (1962)
CO^ in aqueous amine solutions.
H^S in 11 " »
CO2 in water at various temperatures (THOMAS 
and ADAMS, 19o5)
CO^ in aqueous caustic soda solutions (NIJSING 
et al, 1959) and H2S in caustic soda solutions. 
-237-
x loo cm^/sec. 
Fig. A.l
Fig. A.2 
Fig. A.3 
Fig. A.1+
Fig. A.5
Fig. A .6 C02 in aqueous caustic potash solutions.
(NIJSING et al, 1959) 
jSxcept in Fig. A A  all data are for T = 20°C.
Acefrylep-e. -...Wfi e^y ffpja ttena
ARNOLD (1930) estimated the diffusivity of acetylene 
in water at 20°C to be 1.8 x 10“5 crn2/sec. Subsequently, 
VITOVEC (1968) measured the value to be 1.75 * 10"? cm^/sec 
at 20° C. This value is assumed valid for the absorption 
of acetylene into water and the water/By-prox solutions used 
in this study.
C02/Propylene Carbonate
Using the viscosity data of BOHDAPSCA et al (1968), 
and the Scheibel equs ion (REID and SHERWOOD, 1958) the 
diffusivity of carbon dioxide in propylene carbonate at 
20°C is calculated to be 6.0 x 10~6 cm^/sec.
- 2 3 8 -
0 2 4 6. . a
Fig. A.l
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Any heat liberated during absorption is of interest in 
relation to temperature sensitivity of all the physical 
parameters used and to transducer based absorption values 
which are calculated assuming a constant volume and temperature 
gas space.
In the case of physical absorption, the temperature rise 
is due only to the heat of absorption, ii^ , of the gas. The 
heat is liberated at the surface at a rate of h(t) = Hll^
R being the rate of absorption.
Thus, from the solution of the diffusion equation for 
physical absorption (Section One):
h(t) = (c* - c° )Ha Fdjl A*3
\Jnt
iNow the temperature rise T at the surface due to a 
heat flux; h(t) into the surface is (CARSLAW and JALGFU, 1959)*
T = 1
p ojn  Y
whence
1 (c - C° ^ A  K  A O
PO  V  y
where V is the thermal diffusivity of the liquid, p its 
density, and o its specific heat.
The rise in temperature does not vary with time. For 
aqueous solutions, D^/y is about 10 4". If CO2 at 1 atm. is 
absorbed in water ( p= lg/cm3; o = lcal/g; liA w  JOOOcal/gmol; 
c*« b x 10~5 graol/cm^) T is about 0.02°C. This is even
less for acetylene for which « J,900cal/grnole.
The temperature coefficient for refractive index of water 
is -8.0 x 10~5 per °C. From the optical data it can be shown 
tern perature.changes^about 0.02°C>represent less than one fifth
m t j i tzQ). de A . b
O X  a  1 1 'X lig fc J  t i l U i  U <  J .U .L S  i;  c U l  w c  U U J I O X U O I O U  \J\J w o  n « 5 j . .
DANCKWERT3 (1970 pl^O) has presented several examples 
for calculating temperature rise of absorption with reaction. 
The temperature effect would be sufficient to have a consider­
able influence on interferoraetric results, but limited effect 
on absorption itself. Since no interferometric analysis was 
possible, this fact is of minimal consequence. For the test case 
( CO2/I N MBA ) THOMAS and NICHOLL (1969) have stated that the 
temperature rise due to reaction is not more than 0.8°C. This 
rise is significant in the context of fringe shift*however,it 
should not effect the qualitative picture presented in part
3.I., Section two.
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A A  REACTION RATE CONSTANTS
There is some doubt as to the true value of the reaction 
rate constant for the (^/raonoethanolamine system. EMMERT 
and PIGFORD (1962a) quote a value of 3190 1/g.mole.sec.
(18°C) based on a communication from Faurholt. This value 
was quoted later also by JENSEN et al (195^) and is the 
result of direct analyses of reacting solutions. Other value 
have been given by DANCKWERTS and SHARMA (1966) which depend 
upon the validity of jet equations and an assumption of pseud 
first order conditions. The Eramert and Pigford value is 
preferred in this study as it was obtained independently of 
jet studies and is less subject to inaccuracy introduced by 
experimental error and a lack of knowledge of true values of 
diffusivity. The value, at 20°C, generally used in this work 
was ^,300 l/gmole,sec.
SHARMA (196**, 1965) and JENSEN et al (1951*) quote widely 
differing values for the rate constant for the reaction betwe 
CO2 and diethanolamine. The reason is unclear why this dis­
crepancy should exist. The available information in the 
literature on absorption of C02 by diethanolamine appears to 
indicate values nearer to those of Sharaa. Thus a value of 
the rate constant for the reaction between CO2 anc* diethanola 
at 20°C of 6 A 0 0  1/graole.sec. is used throughout this study.
The rate constant for the reaction of CO2 with amine 
solutions is likely to be dependent on the amine concentratio 
THOMAS (1967) has discussed this suggestion in detail. From 
his review of the available literature, he has suggested k2 
may increase up to 20$ in value when comparing a O.IN to a 
5N solution. However, he points out the lack of quantitative 
work in this direction. Due to the discrepancies already 
mentioned, the effect on concentration on the value of k2
-2*A-
in these systems only further confuses the issue. Therefore, 
it is not felt to be justified to consider this variation in 
this study.
The rate constant for the reaction between CO2 and caustic 
solutions is depend.nt on concentration of OH"* ions Results 
obtained by several workers for the CC^/caustic soda reaction 
are presented in Fig. A.7* The results of Nijsing et al and 
Hikta and Asai are for a contact time of O.Olsecs. Both 
groups of workers used laminar jet absorbers. The former 
group operated at a gas pressure of 0.2 atra, and absorption 
occurred under almost pseudo-first order conditions. However, 
their laminar jet exhibited an "end effect" (see Fig. 9 of 
their paper) which may account for their low value of k2 »
Generally, the values of Barrett and Hikta and Asai 
agree to within 13$ when the latter author's results quoted 
at 30°C, are corrected to 20°C using an activation of energy 
of 10.7K cal/gm mole, as suggested by Barrett.
Pinsent et al determined k2 W  mixing two liquid breams 
one containing caustic soda, and then measuring the temperature 
rise of the mixture as it passed down a narrow tube. They 
were limited to dilute caustic solutions due to a large heat 
of reaction. Thus only the range of their results is shown 
in Fig. A.7*
Barrett discusses all the methods, pointing out the 
errors of each method, suggesting why his values are valid 
the most. Therefore, his values are used in this study for 
caustic soda solutions. Fig. A.8 shows results for CC^/caustic 
potash. These are values given by Nijsing et al, interpolated 
for higher concentrations (greater than b-N).
It was not necessary to know the kinetics of the instant­
aneous reactions between H2S and amine solutions.
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Fig. A.7 Comparison of values of the second order rate
constant for the reaction between CO2 and caustic
soda solutions at 20°C.
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Second order rate constant at 20 0 for 
reaction between COp and aqueous caustic potash 
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REFRACTIVE INDEX
Refractive index measurements were made on either a 
Pulfrich or Abbe refractoraeter. In both cases the prism and 
sample were therinostated by passing water, whose temperature 
was finely controlled, through the prism block. The 
Pulfrich refractometer was used for the physical absorption 
systems, where the saturated solution had a very small 
refractive index difference from the pure solution. If the 
difference was not measurable on this refractoraeter, Watson* s 
relationship (19!?+) uas used for the system.
The Abbe refractometer was used for the sample of gas 
absorption with chemical reaction systems whose refractive 
index was measured. In all cases, the reactant solution had 
the reacting g as bubbled through it for a considerable length 
of time - enough to give two consistent consecutive refractive 
index measurements. This reproduced conditions when gas would 
be absorbed practically, giving an overall refractive index 
of all the constituents in solution, thus overcoming any un­
certainties as to what exactly these might be.
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a .5 SOLUBILITY
1) Acetylene/Waters
Assuming validity of Henry*s law for this system (not 
strictly true), and considering the run conditions of an 
acetylene partial pressure of 0,8 atm, at 20.3°C, and taking 
the value of H from PERRY, Chemical Engineers Handbook, (1^-3) 
then:
moles C^H?________________ _ q j l
moles C2H2 + moles water 1*213
= 7.17 x 10^
moles C2H2/ litre = 7.17 x 1000 x 10“^
18
c *  = 0.0398gmole/litre 
This value is also used for the By Prox solutions.
2) Carbon dioxide/Waters 
Similarly,
c^ = 0.029gmole/litre at 
21°C and CO2 P«P» of 585mm Hg.
3 ) Carbon dioxide/Propylene carbonate:
Assuming the temperature relationship is the same for this
system as C02/Water i.e.
loglO solubility = ll*+0 - 5»3°
T5K "
(from DANCKWERT8 and SHARMA, 1966) then from KOHL et al (I960) 
c*^2 ^ = 1.93 x lO"^ g.raole/cm^
W) Reacting solutions:
It is not possible to measure by conventional methods the 
solubility of acidic gases in solutions with which they react. 
However, the available research literature on the solubility of 
CO2 , 02, N2 etc. in neutral salt solutions, and also theoretical
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considerations indicate that it may be possible to infer the 
solubility of acidic gases in solutions with which they react 
(VAN KREVELEN et al, 19^8 and LONG and Me DEV IT, 1952). The 
method relates the Henry1 s law constant in the solution to 
that in water at the same temperature by means of the expression!
where He0 is the value in water and I is the ionic strength 
of the solution defined by
Ci being the concentrations of ions of valency^. The quantity 
h is the sum of contributions referring to the species of 
positive and of negative ions present and to the species cf 
gas:
BARRETT (1966) evaluated h for various species, using more 
comprehensive solubility data than those considered by Van 
Krevelen and Hoftijer. DANCKWERTS (1970) has presented both 
sets of data. He suggests the standard error in using the 
above expressions to predict He, where this has been determined 
independently is «• (21)^.
The solubility of CO2 in monoethanolamine solutions is 
estimated, as suggested by DANCKWERTS and SHARMA (1966), by 
assuming it is reduced to the same extent by the amine as by a 
solution of ammonium bicarbonate with the same total nitrogen 
concentration and that the value of i_ for HCC>3“ is the same 
as that for 003s . Solubility in other amine solutions is 
estimated by assuming the solubility ratios are directly 
proportional to the viscosity ratios for each solution. It is 
also assumed the ratio of the solubility of CO2 in water to 
that of H2S in water is generally applicable to reacting 
solutions, so that H2S solubility data can be estimated.
log10 (He/He0 ) = hi A.6
A. 7
h = h+ + h_ + hQ A.8
-25I-
Figs A.9 to k.lb show solubility data. In all cases, the 
x axis represents solubility in g.mol/1.atm. x 102 at 20°C, 
except for Figs. A.9 and A.10. The y axis in Figs. A.11 to
A.Ik represents concentration in g.mo 1/1.
Fig. A.9 J CO2/H2O. Variation of solubility with temperature
(°C).
Fig. A. 10 i ^S/H^O. Variation of solubility with temperature
(°C). N.B. Data in Peril's handbook is in error
by a factor of 10.
Fig. A.11 : C02/caustic soda solutions.
Fig. A.12 : C02/caustic potash solutions.
Fig. A.13 J C02/mono di-, triethanolamine solutions.
Fig. A.l*+ : ^S/mono-, di-, triethanolamine solutions.
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A.6 VISCOSITY
Fig. A.V) t Amine solutions (Alkanolamines handbook).
Fig. A.16 : Sodium and potassium hydroxide and carbonate 
solutions. (HITCHCOCK, 193*0 
Fig. A 17 i Aqueous glycerol solutions (International - Critical 
Tables).
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APPBHDIX B
THE PRESSURE DROP METHOD FOR MEASUREMENT OF THE AMOUNT OF GAS 
ABSORBED
B.l Introduction
To ensure that the pressure transducer did in fact 
satisfactorily indicate the amount of gas taken up by the 
liquid, it was decided that the value it indicated must be 
correlated by a chemical analysis of the liquid for the 
absorbing gas. This was not so easy since a sample could not 
be easily taken from the cell without opening it. In any 
case, the liquid would not show the true amount of reaction 
product unless it was well stirred to mix the liquid up - the 
interface would contain more reaction product than in the bulk. 
Therefore, whilst the transducer was recording the pressure 
drop a sample could not be taken from the liquid. The only 
alternative was to run the transducer for a while, then close 
the soleneoid valve in the cell, and leave it, shaking often, 
for a long period of time - in the order of one hour. Then, 
knowing the precise value of the gas space above the liquid 
in the liquid chamber, the total pressure at the time of closing 
the valve and the original partial pressure of the inert nitrogen 
gas , if one assumed that all the remaining CO2 in the gas space 
above the liquid would be absorbed leaving only N2 in the gas 
space, the total CO2 absorbed could be found by titration. 
However, in practice this assumption could not be justified as 
is seen later.
The other decision to be made was which reacting system 
should be tested. It was thought an inorganic system would 
involve the simplest titrations, and the caustic-soda - CO2
-261-
system was chosen knowing a simple HC1 titration should indicate 
the amount of carbonate formed due to the reaction. Also, it 
was known that this system had one of the highest COg absorption 
capacities of most common inorganic absorbents. However, things 
turned out to be more difficult than expected. The basic 
procedure was as given by Vogel, "Quant. Inorganic Analysis"
3rc* Edition page 2^9*
The reaction involved between CO2 and NaOH is*
2NaOH + C02 — i> Na2C03 + H20 B.l
i.e. 1 mole C02 = 1 mole ^ 2(203.
Therefore, if the reactant solution (after exposure with 
CO^) is analysed for sodium carbonate, this amount is directly 
proportional to the C02 absorbed. The standard procedure for a 
hydroxide/carbonate mixture determination is to titrate with 
HC1 to find the total alkali and then precipitate out the 
carbonate with barium chloride solution (forming insoluble 
barium carbonate), and titrating again to find the hydroxide 
only content. The reactions involved are:
Na2C03 + BaCl2 — ► BaCC>3 (insoluble) + 2NaCl B.2
BaCl2 + 2NaOH— ^ Ba(OH)2 soluble + 2NaCl B .3
The hydroxide titration is carried out without filtering 
the barium carbonate since the strong alkalinity of the soluble 
sodium carbonate due to hydrolysis is replaced by that (pH 8.6) 
due to a saturated solution of the sparingly soluble barium 
carbonate; hence phenolphtalein (colour change pH range 8.3 - 10.0) 
could be employed as an indicator. Any excess of Barium chloride 
reacts with two moles of NaOH per mole of BaCl2 . But as far as 
neutralisation is concerned this is immaterial for one mole of 
Ba(0H)2 requires the equivalent acid needed to neutralise two
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moles of NaOH. Since solid NaOH cannot be obtained pure due to 
the fact it is extremely hygroscopic a certain amount of alkali 
carbonate and water are always present - a carbonate free solution 
had to be prepared to ensure accuracy of the test run. Initially, 
this was carried out by precipitating out the carbonate as in­
soluble BaCO^ by adding BaCl2 solution, and filtering out the 
solid matter to produce a clear solution. However, it was 
inevitable that a slight excess of BaCl2 would be added, so 
when the solution was exposed to CO2, solid BaC03 was again 
precipitated. This interfered with the ensuing titration 
procedure; and it was inconvenient to filter it off due to the 
comparative small volume of liquid involved - besides, exposure 
to the atmpsphere was likely to further contaminate the solution 
with C02 . Therefore, the carbonate-free alkali solution had to 
be prepared in another way. Since sodium carbonate is insoluble 
in concentrated (50/50 by weight) solutions of sodium hydroxide, 
this was another possible method to make the required solution. 
Equal weights of the alkali and deionised distilled water were 
mixed and the "Anal Rn pellets dissolved. The resulting solution 
was allowed to stand in a stoppered “Pyrex11 glass tube until the 
supernatant liquid was clear (usually overnight standing was 
required). For a IN sodium hydroxide solution, about 6.5 nil 
of the concentrated solution .were diluted to 100 ml with distilled 
and deionised water which had been vacuum degassed at room
temperature under a vacuum in the order of 10~2 Torr, to ensure
complete removal of dissolved carbon dioxide.
Initially, the titration was tried using a standard 50 ®1
burette with indicators to show the neutralisation point. This 
method was quite unsuccessful due to the small titres involved, 
the cell liquid compartment volume was only l+0c.c. and the 
minimum sample size was 5 to avoid excessive pipette errors;
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this 5 nil was also the maximum volume for each titre since 
at least three titrations were needed (without duplication) 
to determine the carbonate content. Since the take-up of 
C 0 2 was limited by the pressure range of the transducer, the 
maximum possible was not sufficient to produce enough sodium 
carbonate to be accurately accounted for by titration manually. 
Subsequently, the use of some automatic titration equipment 
was secured which finally enabled consistent, accurate results 
to be obtained.
-26b-
B .2 DejLcjpj
The automatic titration set up, shown in Fig. B.l, was 
manufactured by Radiometer of Copenhagen. It consisted basically 
of three parts:
B.2.1 Auto. Burette Unit:
This highly automated burette with digital read out was a 
motor driven piston burette operated by signals from a tifcrator. 
Four digits were visible on the apparatus, and with the 2.5 nil 
volume burette used, the last digit read to an accuracy of
0.0b# of the total volume i.e. to 0.001 ml. Eight speeds were 
provided to vary the delivery rate from b-0 seconds to 80 minutes 
for the full burette volume. The burette fed the titrant into 
a titration vessel fitted with a stirrer, a. glass electrode 
and a calomel reference electrode. A nitrogen purge could 
also be kept over the solution to keep an inert atmosphere and 
avoid contamination by atmospheric CO2.
The signals from the electrodes were fed to a titrator 
unit which controlled the flow from the burette.
B.2.2 Titrator
This unit in conjunction with a pH meter controlled the 
motor driving the piston of the auto-burette. The instrument 
was operated by three knobs and four push buttons on the panel. 
The selector knob controlled' Downscale or Upscale titrations 
but it could also be set to Manual Control. The proportional 
'band, which signified the band or span of pH prior to reaching 
the end part over which the flow of titrant was to be gradually 
reduced so as to approach the end point cautiosly and to avoid 
overshoot, could be set over a range, step wise, of 0-5 pH.
The end-point knob provided a continuously variable end-point 
setting within the range of 0-lb- pH, which was read on the pH
-265-
FIG. B I THE AUTOMATIC TITRATION EQUIPMENT.
- 266"
meter when the push button set E.P. was pressed. A delayed 
shut off button activated a fixed delay of shut off control 
which blocked the valve for 5 seconds after the selected end­
point was reached. Temperature compensation was provided in 
the pH meter, as was a means of buffer adjustment and an 
adjustment for electrode sensitivity.
The titration could be followed automatically by the curve 
recorded on the third part of the apparatus.
B.2.3 TitragraRh
This part of the apparatus had a patented working principle. 
The titrant was added to the sample in small increments which 
simultaneously were recorded along the abscissa of the chart 
paper, each increment being followed.by an interval in which 
the electrode potential was recorded along the ordinate. The 
reaction between titrant and a sample was then completed before 
a new increment was added. A characteristic step curve was thus 
produced. The titrant addition per increment was limited by 
the width of the proportional band on the titrator, so that the 
curve recorded never deviated from the theoretical curve by 
more than the width of the proportional band. The titrant 
adiition per increment also depended on the slope of the curve, 
so that it automatically increased in the well buffered ranges . 
of the curve (gentle slope) and slowed down around the equi­
valence point (steep slope).
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B *3 Theory of Titration Heactlons
A solution of sodium carbonate may be titrated to the bi­
carbonate stago, when the net reaction is 8
Ha2C03 + HC1 — E» NaHCOj + IIC1
+ -  13.H
CO3 + H —«-> HCO3
The equivalence point for the primary stage of ionisation 
of carbonic acid is at pH 8.3- If the sodium carbonate solution 
is titrated until all the carbonic acid is displaced (two 
equivalents of acid) the net reaction is then: 
iMa2C03 + 2HC1— ► 2NaCl + I^CO^
CO3"  + 2H+ — > H2CO3
The pH at the equivalence point is « 3*8. The pH values 
quoted can easily be calculated from knowledge of the diss­
ociation constants of the acids and bases concerned. Thus,
considering equation B.W, the values of the dissociation
7
constants for carbonic acid are = b .3 x 10“ and
K2 = 5.0 x 10“^ .  The pH at the first equivalence point for a
dibasic acid is given by
(H+ ) = I KxK2o 13.6
f Ki+c
Provided that the first stage of the acid is weak and that K-^  
can be neglected by comparison with c, the concentration of 
the salt present, equation B .6 reduces to
(H+ ) = J  KXK^ 13,7
or
pH = 1 pH]/ + 1 pK2 B q
2 2
and in this case
PH = 1 
2
log 10Z + log isi1 
C 3 5.6
8"3 -268-
The other reaction involved in the titration is that 
between HC1 and sodium hydroxide
NaOH + H C 1  > NaCl + H20 B.9
- neutralisation of a strong acid and a strong base. If one 
assumes that both the acid and base are completely dissociated 
and that the activity coefficiency of the ions are unity, the 
pH of the solution at neutralisation can be calculated. In 
the absence of carbon dioxide the pH would be 7 at neutralisation; 
the resulting solution being equivalent to one of sodium chloride. 
However, in the practical case carbon dioxide was of course 
present. The gas would be in equilibrium with carbonic acid, 
of which both stages of ionisation are weak, with the result 
that the pH at the end point would be about 8.8.
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Accurate results could not be obtained until the gas 
chamber extension cylinder was available allowing the gas 
take-up that the transducer could effectively measure to be 
increased to a reasonable amount. The run was set up in the 
normal way, the transducer detecting the maximum pressure it 
was designed for. The valve was opened and the pressure 
allowed to fall near to the minimum range of the transducer.
The valve was shut and the gas space above the liquid purged 
with nitrogen at once and the cell sealed again. The carbonate 
free hydroxide solution was over one normal. 5 samples were 
then titrated with one normal standard hydrochloric acid. A 
nitrogen blanket was kept continuously over all solutions.
Firstly, the total alkali was determined. Next, the 5 
sample was pipetted from an 11A11 grade pipette into the titration 
vessel, warmed to 70°C and 1% barium chloride solution added 
until no further precipitate was produced i.e. in slight excess.
The solution was then cooled to room temperature, and titrated 
with acid; the amount used corresponded to the hydroxide present.
Due to the precipitation of basic barium carbonate in the 
presence of hydroxide some error was introduced. To correct 
this, sufficient hydrochloric acid was added to neutralise most 
of the hydroxide before heating and precipitating as before.
Under these conditions, practically pure barium carbonate was 
precipitated.From equation B.5 
1 mole HC1 3 JL mole Na2C(>3
or
1 mole N“HC1 i 0.0J300 gm. Na2C0^
and from equation B.9
1 mole HC1 3 1 mole NaOH
1 mole N~HC1 = 0. 0M-01 gm. NaOH
The fresh soln. was also titrated for strength and carbonate content.
-270-
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At first the titration apparatus was adjusted to give 
plots of pH vs* titre. However, as is seen in Fig. B.2, due 
to the bicarbonate and carbonate stages having different end 
points, it was rather difficult to discern exactly where the 
carbonate end point was. Therefore, it was decided it would 
be better to titrate to the known end point of the particular 
solution. The apparatus was designed so it would stop auto­
matically at the pre-set end point. Some manual runs, plotting 
titre HG1 vs. pH of the solution were carred out to ensure 
correct pH settings. These were:
Total alkali pH 3.8 at endpoint
Hydroxide content pH 8.8 at endpoint
The test was repeated several times. Some typical results 
are given below for run NN19:
B.5.1 Titrator results
5 ml samples of alkali used. .Original sample before 
exposure to CO2
(1) pH set 8.*+ for total alkali; knowing the solution to be 
carbonate free.
(a) 6.220 ml IN HC1 5 5 ml alkali
(b) 6.219 " " " = " "
(c) 6.22b " “ " S 5 ml
AVERAGE6.221 ml IN HC1 5 5 ml alkali.
(2) pH set at 8.*+ heating and adding BaC^procedure followed«
(a) 6.22^
(b) 6.22*f
(c) 6.22*f
AVERAGE 6.22*+ ml in HC1 = 5 ml alkali
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Pig. B2 Automatic titration of sodium hydroxide with
i~ hydrochloric acid. Percentage of burette volume
emptied against pH of titrating solution.
i.e. the alkali was carbonate free to all intensive purposes.
After exposure to CO2*
(3) Total alkali endpoint set at 3*^
(a) 6.259
(b) 6.2**9
(c) 6.258
AVERAGE 6.253 ml NHC1 2 5 ml alkali from cell
(k ) Sodium hydroxide. Endpoint set at 8.8.
(a) 5.^0
About 5 ml N HC1 added
(b) 5.^03
before heating etc. in each case.
(c) 5.^03
5.1*02 ml NHC1 2 5 ml sample
The proportional band in each case was 0.1, and the slowest 
motor speed was employed near the endpoint to deliver HC1 from 
the burette to the titration vessel.
In a 5 rol sample, the volume of N HC1 needed to neutralise 
the carbonate was
6.253 
5.^02
0.851 ml N HC1 = carbonate
Hence, from equation B.5
1 mole carbonate = 2 moles HC1
or
1 mole N HC1 = 0.053 gms. carbonate
0.851 mole N HC1 2 0.0**52 gms. carbonate
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wuDJ.uoiiag ouutt.4. xiquxu voiumti in ceil i.e. H-u C.C.,
total carbonate in cell volume
= 8 x 0.0l+5*f
= 3.616 x 10“^gms. Na2C0^
= 3.1.616 x 10"3 
1.06
= 3.1+2 x 10“3gomoles I ^ C O ^
and, from equation B.l
1 mole Na2C0^ = 1 mole C02
i.e. Take up of C02 = 3*^2 x 10~3g#moies by titration.
B . 5 . 2  lEajaatoSAT.JaKsr-m
The extension cylinder was used and a voltage of ?V for
full scale deflection was used on the polyrecorder. Whilst
the valve was open, the chart pen crossed 85 divs. of chart
paper. Fig. B .3 shows the calibration of the transducer by
a sensitive inclined manometer.
85 divs = 130 m.m. Hg. pressure,
since the calibration is linear up to this range. Further,
gas space volume = 1*97 c.c.
0„Run temp. = 20.20 C.
Then, assuming ideal behaviour of CO2 take up is
1+97 x 273 x 130 x 10"3 
2W-2 7TO 22^f
= 3*53 x 10~3g.moies C02
from pressure drop.
B *5*3 Cpnumxis_on _of two valuer
The transducer value is about yjo greater than the value 
from titration. Considering the time lag in purging the gas 
space above the liquid when the valve is closed (resulting in 
slightly more take up), one may have expected the titration
-27^-
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value to be slightly greater. However, the comparatively small 
sample volume made high titration accuracy very difficult. Also 
pipette errors could not be avoided since only one automatic 
burette was available.
In summary, one can say that the titration for the amount 
of CO2 absorbed, does in fact confirm the transducer and pressure 
drop method for determining the amount of gas absorbed.
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1ABLBS OF EXPERIMENTAL RESULTS AMD THEIR CALUIATION
The following systems wer® investigated:
SERIES
(N)HA H^S/aqueous monethanolamine solutions
(N)HD H^S/aqueous diethanolamine solutions
(N)HT H^S/aqueous triethanolamine solutions
NA C02/aqueous mono ethanolamine solutions
ND C02/aqueous diethanolamine solutions
NG Physical absorption of various gases into water
and l;% By-Prox solutions.
NH C02/aqueous potassium hydroxide solutions
NM C02/propylene carbonate
NN C02/aqueous sodium hydroxide solutions
NT C02/aqueous triethanolamine solutions
NW C02/aqueous glycerol solutions
(N)TW Thin film runs.
The prefix N was used to indicate a new cell was used, since 
trial results were obtained from an old cell, results from which 
were duplicated in the new cell.
Thus only results obtained from the new cell are presented 
here. All runs were taken at temperatures around 20°C and average 
total gas pressures of around 1 atm.
From the dimensions of the cell, the precise volume of the 
gas space in the cell could be determined. This wass
Without extension cylinder, but including 'freeboard* of 
inert gas saturated with water vapour in liquid chamber 
when it was filled ready for a run: 86.20 cnr^ .
Similarly, with extension cylinder: *+97.3 cm^.
-278-
empty trough in liquid chambers 88,60 cm ,
Allowing for the inert gas in the system* and the S.V.P. 
of water at the temperatures used, then depending on the 
atmospheric pressure prevailing at the time, the mole 
fraction of absorbing gas was usually;
0,78 without extension cylinder.
0.95 with extension cylinder.
Thus in the results tables that follow prescence or abscence 
of the extension cylinder in a run is indicated by this figure.
For the chemical reaction runs, the estimated pressure drop for
the run was divided by two, and the initial gas space pressure was
atmospheric plus this increment. The pressure drop during the run 
for the physical absorption runs, was usually only a few mm of Hg, 
thus fluctuating marginally from the initial total pressure - 
usually atmospheric.
The surface area of liquid in the cell in contact with gas 
was 17 cm2 . This figure was 9.22 cm2 in the thin pool runs.
CaJLt-_Seri.es. (N)HA« D. and T.
Mj. trans and M^ . calc results for this series are presented in 
Tables Cl to C22. Taking Table Ck as a typical run.
M,. trans = ? . 221 x pressure drop mm.Hg x 1 - ...Cl.
T 760 22.4 x 1CP
assuming ideal behaviour of the absorbing gas.
In this case, p.p. fL,S = 0.95 P. The extension cylinder was 
therefore used. Hence, typically for t = 10 secs;
Mfc trans = (422*3+12. x 223. x 6^21 x ISil
17 294 760 2274
= 9.92 x 10"6 e. mol
cm^
Value of V, for toxic gas es was increased by 3 cm^ by the 
presence of special purge facilities on the cell.
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j. vi •U^JllSlUCJLXtlg i'Xj.
From Appendix A, at 20°C = 10.6 x 10"^ cm2/sec, Dg
= 7.1 x 10~6 cm2/sec, C* = 0. 087 x 0.95 
(Since values in Appendix A are quoted at 1 atm. total pressure, 
the temperature error is ignored.) = 0.0825 g.mol/litre. 
Therefore for the irreversible case
B = 2^ 25. J-2JL  = 20
ci l D i 0.0825 ^ 1 0 . 6
From Fig.2.2, Section two, E^-I = 2 0 . 5
Hence, E^ = 21.5. From equation 2.10, section two:
R  calc = 2 x 21.5 x 8.25 x  10 "VlO.6 x 10“6 £  ,
(irrev.) / n
= 6.5^ W  t
and at t = 10 secs
M. calc = 20.63 x 10~6 g.mol/cm2 .
(irrev)
For the reversible case, equation 2.20, section two is used, 
Using data from Table. 2.1, second section:
H,. calc = 2x^l0.6 x 10“6 £  .8.25 x 10"^ j 1 + IlfO
1 + if x 2.05 x 8.68 x-10~^
-  )  - 1
= 5.25 X lO-6^  t
'8.25 X 10
Hence at t = 10 secs,
M. calc (rev) = 16.61 x 10“^ g.mol
2cm
The results for the rest of the series are similarly calculated.
C.2. Series NA and HP
M^ . trans and calc results for these two series are presente
in Tables C23 to C30 and C32 to C*+l. The Mt trans results were 
calculated as in Section C.l.
Considering Table C32 as typical, calc is found as follows: 
From Appendix A, D . = 16.8 x 10“^ cm2/sec,
= 6. x 10-6 cm /sec at 20°C and 
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From Section 2.1.3, second part
Mt calc = 2c *  E j D p
•/ 'E is found from Fig.2.5$ second part from the value ofJM 
at a particular time.
Thus at t = 10 secs, E = 3.63 and calc (irrev®)
= 1.1^ x 1CT6 g. mol/cm2.
The reaction was assumed to be always irreversible for both 
series of results.
Table C .31 shows interferometric results for IN monoethano- 
lamine. Mp calculated from equation 3.6, section two. The 
amount of CO^ absorbed equivalent to the^mine* lost* depends on 
the value of z, the stiochiometric constant, adopted.
If z = 1, 1%  C o2 _ depletion
z = 2 m f C 02 =:,| %  dePletion-
C.3 Series NG
Mj. trans data for the series is shown in Table Ck2. M^ . optic 
data is shown in Tables C^3 and CM+. Values are obtained as 
shown in section if. 12. , part one. For example, for C^/water at 
t = 20 sec:
Cg. = 7.6k x 10“6 .2s
= 7.6k x O.53 xS10“^
= O A 05 x 10“5 g. mol/cm-^
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optic = 7.64- x £  ? x mag factor x 10"6
(mag factor) s
= 7.6k x 1 J &  x 101 x 10“6 
(105 )2 6.1
= 0.*f2 7 x lO-'7 g.mol/cm2.
All the Calculated1 parameters e.g. surface resistance etc. 
can be calculated from the experimental results presented. Since 
they have been presented graphically in the text, tabulated results 
are excluded. Sample calculations are given for C2 H2/water.
a) Surface resistance.
At a particular time, say t = 10 secs, c optic is obtained 
from the smoothed data of Fig. 5.18. (Section one as are all the 
references in this part). The value, 0.538 x lb~5 g.mol/cm3 is 
substituted into *+.32 with the value of c^ (398 x 10“^), giving 
a value of X of 0.135_. This enables Z to be found from CRANK (1956 
table 2.1). The value is 0.13 giving from equation If.26, a figure 
of 5.67 x 10-3 sec/cm for (l/k_).S
b) calc. Carslaw and Jaegers
Knowing k enables W to be found from equation if. 27, thereby
£
giving Mj. calc from if. 29. In this case, W = 0.lf33 x 10“ , M^ . calc 
= O.1+86 x 10-7 g. mol/cm2 .
c) Mj. calc. Cranks
The smoothed c optic data curve against time bas, up tob £
t = 1+0 secs a slope of 5*2 x 10“ . This value = k in Crank*s 
equations, thus enabling M^ . crank to be calculated from equation 
1+.22, having a value in this case of 0.522 x 10“7 g.mol/cm2 .
d) Concentration profiles.
For a particular value of k and t, concentration profiles,b
based on Carslaw and Jaeger, can be found at various depths of
the liquid pool .from equation if. 15 e.g. at t = 25 secs, l/kg =
3000 s at x = 0.002 cm, = O.726 x 10~5 g.mol/cm2 . Similarly
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for c based on Crank (case » ) for a particular time e.g. 25 secs,
equation *f.21 is used. Thus at x = 0.22 cm. x = O.b-72.
2 ^ t
living x = 0.39lf x 10“* g.mol/cm3 .
£L*fiJl.erjLes. M
M^ . trans and M^ . calc results are presented in tables Ck$ to
C5*+. calc results are calculated as in Section C.2, except
a variable value for the second order rate constant is used.
C.5. . Series NM
Transducer and optic results are shown in Fig. Cl and Table 
C55. These were calculated as before.
C.6. Series NN
Mj. trans and M^ . calc results are presented in Tables C56 to
C63. Mj. calc results were calculated as for series NH.
C.7. Series NT
No theoretical correlation was attempted for this series.
Mj. trans results are presented in Tables C6b to C71.
C.8. Series NW
Tables of results are presented in Tables C72 to C75. Only 
limited interferometer data was available - but enough to show 
the trend of the results. Refractive index data was taken from 
the International Critical Tables.
-2 8 3 -
m0-5 1 0  1-5
T i m e  s e c s
Fig» Cl Shadowgraph data for absorption by propylene carbonate 
of carbon dioxide•Magnifcation factors 100 to I 
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absorption
secs
Pressure'drop 
in gas space 
mm Hg
x 10" 
g mol/cm^
x 10'"' & mol/cm*"
Reversible Irreversible
1 0.12 0.19 0.82
2 0.23 0.37 1.16
4 0.42 0.67 1.65
6 0.60 0.97 2.02
8 0.79 1.27 2.37
10 0.98 1.58 2.6
15 1.21 1.95 3.18
20 1.40 2.26 3.68
30 2.13 3.43 4.5
40 2.53 4.07 5.22
50 2.93 4.73 5.84
60 3.68 5.95 6.4
80 4.74 7.65 7.35
100 5.88 ' 9.46 8.25
TABLE 01 Series HA: 0.1N. T = 21°C Initial p.p. H2S=0.95P#tin
Time for 
absorption
secs
Total
Pressure drop 
in gas space 
mm Hg
M, trans 
x l O 6
g mol/cm^
M. calc 
X 10° R mol/cm^
Reversible Irreversible
1 0.80 1.29 2.47
2 .1.38 ' 2.22 3.48
4 2.03 3.27 4.95 .
6 2.58 4.15 6.05
8 3.10 5.00 7.10
10 3.59 5.80 7.80
15 4.87 7.85. 9.60
20 6.19 10.00 11.00
30 9.19 14.80 13.50
40 12.19 19.60 15.70
50 15.19 24.50 17.50
60 18.2.0 29.40 19.10
80 24.20 39.00 22.10
100 30.00 48.40 24.70
TABLE 0 2 Series HA: 0.59N T = 21°0 Initial p.p. ^8=0. 95P.atm
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absorption
secs
Pressure dron 
in gas spac'e 
mm Hg
x 10u 
g mol/cm2
_x 10 r mol/cm^
Reversible Irreversible
1 1.00 1.61 4.00
2 1.80 2.90 5.67
4 2.52 4.05 8.00
6 3.22 5.18 9.85
8 3.92 6.30 11.50
10 4.34 7.00 12.60
15 5.91 9.50 15.40
20 7.69 12.40 17.90
30 13.50 21.80 21.80
40 16.80 27.00 25.40 '
50 21.10 34.00 28.30
60 25.90 42.00 31.00
80 33.10 . 53.20 . 35.70
100 40.90 65.00 40.00
TABLE 0 3 Series HA: IN T = 20.5°0 Initial p.p HpS= 0.95P.atm
Time for 
absorption
secs
Total
Pressure drop 
in gas space 
mm Hg
M, trans 
x 10
g mol/cm2
M, calc 
X 10° 9 mol/cm2
Reversible Irreversible
1 0.90 1.45 • 5.25 6.54
2 1.40 ' 2.25 7.45 9.25
4 2.80 4.50 10.50 13.08
6 3.95 6.35 12.81 16.00
8 4.95 7.97 15.10 18.76
10 6.16 9.92 16.61 20.63
15 9.17 .14.85 • 20.32 25.26
20 12.51 20.18 23.40 29.20
30 19.01 30.60 28.60 35.72
40 25.51 41.10 33.18 41.20'
50 32.01 51.50 37.00 46.10
60 38. . 62.01 40.60 50.60
80 51.30 82.50 ‘ 49.00 58.50
100 63.10 101.82 52.50 65.40
TABLE 0 4 Series HA: 2.05N T=21°C Initial x>.p. H2S=0.95P.atm
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absorption
secs
Pressure drop 
in gas spade 
mm Hg
x 10° 
g mol/cm2
_ _ u
x 10 u mol/cm^
Reversible Irreversible
1 0.90 1.45 6.50 8.10
2 1.50 2.41 9.22 11.45
4 2.42 3.90 13.00 16.20
6 3.64 5.70 15.91 19.82
8 4.80 7.70 18.62 23.33
10 5.64 9.10 20.65 25.60
15 9.22 14.87 25.20 31.32
20 12.68 20.20 29.10 . 36.10
30 19.08 30.70 35.42 44.35
40 25.56 41.10 41.20 51.61
50 31.96 51.50 45.90 57.31
60 39.81 63.12 50.40 62.63
80 52.36 . 83.80 . 58.20 72.50
100 67.00 110.00 65.00 81.00
TABLE 0 5 Series HA: 3.53N T=20.5°0 Initial p.r . H2S=n.95E&tm
Time for 
absorption
secs
Total
Pressure drop 
in gas space 
mm Hg
M, trans 
x 106
g mol/cm2
M, calc 
x 10° s mol/cm2
Reversible Irreversible
1 1.52 2.43 11.10 12.40
2 2.84 ' 4.57 15.21 17.50
4 4.95 7.95 22.20 24.80
6 6.70 10.78 27.22 30.37
8 8.35 13.42 31.83 35.48
10 9.92 15.92 35.10 39.20
15 14.53 . 23.40' 43.00 48.00
20 19.33 31.18 49.50 55.45
30 28.82 45.65 60.60 67.71
40 38.33 61.60 70.21 78.48
50 47.83 77.10 78.41 87.50
60 56.85 ■ 91.55 86:10 ■ 96.00
80 74.00 118.90 99.51 111.00
100 92.00 148.00 110.00 19 4.00
TABLE 0 6 Series HA: 5N T=21°C Initial p.p. H2S=n. 95B=ttm
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adsorption
secs
Pressure drop 
in gas space 
mm Hg
X 1U
g mol/cm2
X 8 moi/cm
.Reversible Irreversible
1 2.50 4.03 12.10 13.50
2 4.30 6.92 17.09 19.12
4 7.20 11.60 24.20 27.00
6 8.50 13.70 29.70 33.15
8 10.40 16.75 34.70 38.80
10 12.40 19.98 38.21 42.71
15 16.80 27.00 46.82 52.35
20 21.65 34.80 54.00 60.40
30 31.85 51.30 66.20 73.91
40 41.00 66.00 76.48 85.45'
50 51.00 82.00 85.51 95.50
60 59.65 96.00 93.86 104.30
80 75.60 122.00 108.20 121.20
100 90.60 1 146.20 ' 121.00 135.00
TABLE 0 7 Series HA: 6.25H T=20.8°C Initial p."p. H2S=Q.95Eatm
Time for 
absorption
secs
Total
Pressure drop 
in gas space 
mm Hg
M, trans 
x l O 6
g mol/cm2
M. calct r
x 10 g mol/cm2
Reversible Irreversible
1 2.00 3.22 . 12.20 15.70
2 3.30 ' 5.32 17.15 22.21
4 5.30 8.55 24.40 31.40
6 7.24 11.75 29.91 38.40
8 8.49 13.68 35.11 45.10
10 9.74 15.70 38.45 49.50
15 13.94 22.40 47.21 60.75
20 18.86 '30.40 54.50 70.00
30 28.06 45.30 66.51 85.53
40 37.31 60.00 77.10 90.01
50 40.21 73.30 86.20 114.00
60 55.01 . 88.50 94.45 125.02
80 72.31 116.30 • 109.10 144.20
100 89.31 143.50 122.00 157.00
TABLE 0 8 Series HA: 8.3N T=21°C Initial p.p. H2S=0.95P.atm
- 288-
absorption
secs
Pressure'droo 
in gas space 
mm Hg
x 10
g mol/cm2
_ _ b 
x 10 mol/cm
'Reversible Irreversible
1 0.68 0.19 Not 0.86
2 1.28 0.36 considered 1.22
4 2.25 0.63 1.72
6 3.30 0.93 2.11
8 4.45 1.25 2.46
10 5.35 1.51 2.72
15 7.35 2.06 3.33
20 9.15 2.56 3.84
30 12.35 3.48 4.72
40 15.85 4.45 5.44
50 20.00 5.61 6.06
60 24.60 6.91 6.56
80 33.35 9.42 7.73
100 42.25 11.82 8.62
TABLE 09 Series HD: 0.14N T=21°C Initial p.p.' H2S=0.78Eatm
Time for 
absorption
secs
Total
Pressure drop 
in gas space 
mm Hg
M, trans 
x l O 6
g mol/cm2
M, calc 
x 10° p mol/cm2
Reversible Irreversible
1 .1.50 0.42 • 2.50 1.55
2 2.70 ' 0.77 3.52 2.18
4 4.80 1.34 5.00 3.10
6 6.90 1.94 6.12 3.79
8 8.90 2.49 7.10 4.39
10 10.80 3.30 7.90 4.90
15 17.10 . 4.77 • 9.70 6.00
20 23.40 6.54 12.34 6.92
30 38.20 10.70 13.70 8.50
40 52.20 14.65 15.80 Q.82
50 66 • 60 18.65 17.70 10.95
60 79.30 22.20 19.50 12.00
80 94.00 26.30 ' 22.30 13.82
100 108.00 26.30 25.00 15.50
TABLE 010 Series HD: 0.66H T=20.5°C Initial p.p. H2S=0.79P.atm
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absorption
secs
Pressure'drop 
in gas spade 
mm Hg
x 10u
p
g mol/cm
x 10u e mol/cm^
Reversible Irreversible
1 0.80 1.29 2.91 2.42
2 1.20 1.95 4.11 3.41
4 1.60 2.48 5.82 4.84
6 2.15 3.46 7.10 5.90
8 2.55 4.10 8.20 6.82
10 2.95 4.76 9.22 7.65
15 3.85 6.20 11.29 9.36
20 4.85 7.82 13.00 10.79
30 7.10 11.40 16.17 13.42
40 9.35 15.10 18.38 15.20'
50 11.55 18.60 20.50 17.10
60 13.70 22.10 22.50 18.71
80 17.85 . 28.80. 26.03 21.72
100 22.05 35.60 29.10 24.20
TABLE Oil Series HD: 1.06U T=21°C Initial p.p. H2S=0.95P.atm
Time for 
absorption
secs
Total
Pressure drop 
in gas space 
mm Hg
M, trans 
x 10
2
g mol/cm
M, calc 
X 10 £ mol/cm^
Reversible Irreversible
1 0.60 0.96 3.93 3.59
2 0.90 ' 1.45 5.56 5.07
4 1.60 2.57 7.86 7.18
6 2.15 3.45 9.59 8.76
8 2.85 4.57 11.11 10.12
10 3.45 5.55 12.42 11.31
15 4.65 7.50- 15.23 13.90
20 6.15 9.91 17.60 16.12
30 9.30 15.00 21.85 19.70
40 12.50 20.10 24.80 22.71
50 15.50 25.00 27.80 25.40
60 18.90 • 30.30 30.30 27.90
80 24.25 38.95 ' 35.21 31.65
100 30.10 48.50 39.30 35.90
TABLE 0 12 Series Hi) 2.07N T=21°C Initial p.p. K2S=0.95Eatm
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absorption
secs
Pressure dron 
in gas spacfc 
mm Hg
x 10u
p
g mol/cm
-1x 10 9 mol/cm^
Reversible Irreversible
1 7..50 2.11 3.38 6.40
2 12.50 3. 50 4.77 9.06
4 20.20 5.66 6.76 12.80
6 26.40 7.40 8.27 15.70
8 32.80 9.18 9.71 18.38
10 38.90 10.90 10.70 20.22
15 53.10 14.90 13.09 24.78
20 66.40 18.61 15.08 28.50
30 89.60 25.20 18.45 34.98
40 110.30 30.90 21.37 40.50 '
50 132.50 37.10 23.85 45.30
60 -43.00 (I:lternolated)
80 58.70. it 58.90
100 60.00 it
/
TAB IE 013 Series HD: 4.95N T=20.5°0 Initial p.t>. H2S=0.79E,atm
Time for 
absorption
secs
Total
Pressure drop 
in gas space 
mm Hg
M, trans 
x l O 6
g mol/cm^
M. calc 
x 10 g mol/cm2
Reversible Irreversible
1 3.80 1.06. 2.00 5.30
2 7.60 ' 2.13 2.83 7.50
4 13.50 3.77 4.00 10.60
6 18.70 5.22 4.91 12.98
8 23.50 6.56 5.74 15.21
10 28.30 7.91 6.33 16.72
15 38.70 10.80. 7.74 20.50
20 49.30 13.80 8.82 23.62
30 67.15 18.81 10.90 28.98
40 83.95 23.60 12.62 33.50
50 99.55 28.00 14.10 37.42
60 124.55 • 34.80 15.49 .41.20
80 134.85 37.60 ' 17.90 47.50
100 139.35 39.00 20.00 53. on
TABLE 014 Series HD: 6.95H T=20.5°C Initial p.p. H2S=0.79Eatm
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absorption
secs
Pressure drop 
in gas space 
mm Hg
x 10& 
g mol/cm2
v b , 2 
x 10 e mol/cm
Reversible Irreversible
1 0.80 0.22 0.73 0.69
2 1.14 0.32 1.03 0.97
4 1.74 0.49 1.46 1.38
6 2.28 0.64 1.79 1.69
8 2.87 0.81 2.00 1.98
10 3.42 0.96 2.31 2.18
15 4.92 1.38 2.83 2.67
20 6.42 1.81 3.26 3.07
30 8.42 2.36 3.99 3.77
40 11.07 3.10 4.62 4.36
50 14.07 3.94 5.15 4.87
60 15.89 4.45 5.66 5.34
80 21.35 . 5.95 • 6.54 6.16
100 24.53 6.86 7.30 6.90
TABLE 015 Series HT: O.IOIH T=19.7°C Initial p.p. H2S=0.79Patm.
Time for 
absorption
secs
Total
Pressure drop 
in gas space 
mm Hg
M, trans
X 10^
p
g mol/cm
M, calc 
x 10 e mol/cm2
Reversible Irreversible
1 0.21 0.32 1.35 1.56
2 0.41 ' 0.66 1.91 2.21
4 0.79 1.27 2.70 3.12
6 1.16 1.87 3.31 3.82
8 1.56 2.51 3.98 4.46
10 1.87 3.01 4.26 4.93
15 2.57 . 4.14 • 5.23 6.04
20 3.27 5.25 6.02 6.96
30 4.39 7.07 7.37 8.52
40 5.81 9.37 8.54 9.85
50 7.21 11.60 9.54 11.00
60 8.32 • 13.40 10.45 12.08
80 10.81 17.40 ' 12.01 13.95
100 14.00 22.41 13.50 15.60
TABLE 0 16 Series HT: 0.466W T=19.8°C Initial p.p. H2S=0.95Pjatm
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absorption Pressure ■ drop 
in gas space
x 10u x 10u f. mol/cm*
secs mm Hg
O
g mol/cm Reversible Irreversible
1
2
4
6
8
10
15
20
30
40
50
60
80
100
0.70 
1.25 
1.85 
2.24 
2.65 
3.00 
3.90 
4.70 
6.38 
8.40 
10.38 
12.30 
16.22 
20.30 '
1.03
2.01
2.98
3.61
4.27 
4.83
6.27 
7.56
10.30
13.51
16.70
19.70
26.10
32.65
1.43
2.02
2.86
3.50
4.11
4.53
5.54 
6.39 
7.82 
9.04
10.10
11.09
12.78
14.30
1.98 
2.80 
3.98 
4.86 
5.69 
6.26 
7.19 
8.85 
10.82 
12.52' 
14.00 . 
15.38 
17.78 
19.80
TABLE 0 17 Series HT: 0.69N T=20.4°C Initial P.p. H2S=0.85P.atm
Time for 
absorption
Total
Pressure drop
M, trans
n o 6
M. calc 
f
x 10 e mol/cm^
m  gas space
secs mm Hg 2g mol/cm Reversible Irreversible
1
2
4
6
8
10
15
20
30
40
50
60
80
100
3.82 
7.52 ' 
12.54 
15.58
18.15
20.15 
21.75 
23.67 
24.57 
25.02
6.15.
12.10
20.20
25.10
28.20
32.40
35.10.
39.10
39.51
40.30
Hot cons idered
TABLE 018 Series HT: 0.69N with fspray* T=20°0
See Pig. 4.7 Section Two. Initial p.n. TTpS=
0 T 9 HP.atm
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aosorption
secs
pressure•aron 
in gas space 
mm Hg
X 1U
2
g mol/cm
x iu e mol/cm
Reversible Irreversible
1 0.82 1.31 1.21 2.45
2 1.14 1.84 1.71 3.46
4 1.74 2.80 2.42 4.90
6 2.22 3.57 2.96 6.00
8 2.82 4.54 3.57 7.03
10 3.30 5.31 3.82 7.72
15 4.36 7.01 4.68 9.46
20 5.41 8.69 5.40 10.92
30 6.82 10.95 6.61 13.40
40 9.31 15.00 7.65 15.4CT
50 12.05 19.40 8.55 17.32
60 14.35 23.10 9.36 19.01
80 18.90 30.20 10.82 21.98
100 23.40 ’ 37.71 12.10 24.50
TABLE 019 Series HT: IN T=20°C Initial p.p. H2S= 0.95Batm
Time for 
absorption
secs
Total
Pressure drop 
in gas space 
mm Hg
M, trans 
x l O 6
g mol/cm2
M. calc 
x 10° g mol/cm^
Reversible Irreversible
1 0.81 1.31- 1.40 3.50
2 i.23 ' 1.98 1.98 4.95
4 2.08 3.35 2.80 7.00
6 2.94 4.74 3.53 8.56
8 3.54 5.70 4.03 10.02
10 4.15 6.68 4.44 11.05
15 5.30 8.54. 5.42 13.55
20 6.50 10.48 6.24 15.60
30 8.75 14.21 7.64 19.10
40 11.80 19.00 8.88 22.13
50 14.85 23.90 9.89 24.76
60 17.80 • 28.70 10.85 • 27.10
80 23.80 38.40 * 12.50 31.30
100 30.05 49.20 14.00 35.0
TABLE 020 Series HT: 1.54N T=20.2°0 Initial p.p. H2S=0.95Batm
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absorption
secs
Pressure drop 
in gas space 
mm Hg
1 X 10 '
X 1U £ mo±/cm
g mol/cm2 Reversible Irreversible
1 0.60 0.97 1.31 3.90
2 1.05 1.69 1.85 5.r0
4 1.61 2.60 2.62 7.80
6 2.24 3.61 3.21 9.56
8 2 o 70 4.35 3.76 11.19
10 3.27 5.27 4.14 12.32
15 4.41 7.11 5.07 15.09
20 5.57 8.96 5.85 17.40
30 7.62 12.32 7.15 21.30
40 9.52 15.35 8.28 24.60
50 11.75 18.92 9.26 27.59
60 14.00 22.59 10.18 30.20
80 19.51 • 31.41 11.70 34.82
100 24.00 38.70 13.10 39.00 ,
TABLE 021 Series HT: 1.89H T=20.8°C Initial p.p. H2S=0.95Batm
Time for 
absorption
secs
Total
Pressure drop 
in gas snace 
mm Hg
M, trans 
x l O 6
g mol/cm2
M, calc 
X 10 9 mol/cm2
Reversible Irreversible
1 0.83 1.34- 0.70 3.12
2 1.83 2.94 0.99 4.41
4 3.3 5 5.40 1.40 6.24
6 4.87 7.85 1.72 7.64
8 5.87 9.45 2.01 8.95
10 6.27 10.10 2.21 9.84
15 7.00 • 11.30' 2.71 12.07
20 7.79 12.55 3.12 13.89
30 9.17 14.78 3.82 16.82
40 10.55 17.00 4.43 19.70
50 11.75 18.91 4.95 22.05
60 12.78 • 20.50 5.42 ■ 24.18
80 14.71 23.70 6.26 27.90
100 16.36 26.30. 7.00 31.20
TABLE 022 Series HT: 4.95W T=20.2°0 Initial p.p. H2S=0.95P.atm
-295-
aDsorprion
secs
pressure crop 
in gas space 
mm Hg
x ±u
p
g mol/cm
X ±U £r moi/cm 1
Reversible Irreversible
1 .1.3 0.27 HOT 0.71
2 2.2 0.48 CONSIDERED 1.01
4 3.0 0.64 1.42
6 4.0 0.86 1.74
8 5.0 1.07 2.00
10 • 5.8 1.23 2.25
15 7.4 1.58 2.75
20 . 9.0 1.92 3.18
30 12.7 2.72 3.98
40 16.6 3.55 4.47
50 20.3 4.34 5.00
60 24.2 5.18 5.50
80 28.1 6.01. 6.25 '
100 31.7 6.81 7.10
TABLE 023 Series NA: 0.25N T=21°0 Initial p.p. 002=0.79P.atm
Time for 
absorption
secs
Total
Pressure drop 
in gas space 
mm Hg
M, trans 
x l O 6
g mol/cm2
calc 
x 10^ g mol/cm2
Reversible Irreversible
1 2.85 0.59 HOT 1.07
2 4.91' 1.05 CONSIDERED 1.51
4 6.81 1.45 2.14
6 7.72 1.65 2.63
8 9.41 2.01 3.02
10 10.83 2.31 3.39
15 13.51 2.89- 4.15 '
20 16.82 3.60 4.78
30 24.00 5.13 5.86
40 31.11 6.65 6.75
50 38.00 8.15 7.55
60 45.00 9.67 8.32
80 59.61 12.79 9.46
100 73.00 15.62 10.70
TABLE 024 Series HA: 0.5N T=21°0 Initial n.p. 002=n.78Patm
-2 9 6 -
aosorption
secs
pressure oron 
in gas space 
mm Hg
X 1U
2
g mol/cm
x ±u e moi/cm
Reversible Irreversible
1 .5.8 1.24 NOT 1.69
2 7.6 1.64 ■CONSIDERED 2.54
4 10.4 2.24 3.61
6 13.1 2.81 4.42
8 16 .0 3.43 5.06
10 18.5 3.97 5.70
15 26.2 5.60 6.96
20 33.6 7.19 8,02
30 48.7 10.42 9.85
40 63.7 13.64 11.35
50 78.6 16.87 12.60
60 94.0 20.10 14.00
80 122.0 26.52 . 15.90 '
100 158.0 34.00 18.10 j
TABLE 0 25 Series NA: IN T=21°C Initial p.p.'002=0.77Eatm
Time for 
absorption
secs
Total
Pressure drop 
in gas space 
mm Hg
M, trans 
x l O 6
2
g mol/cm
M. calc 
f
x 10° e mol/cm^
Reversible Irreversible
1 .0.84 1.35 • NOT 2.80
2 1.56 ' 2.51 CONSIDERED 4.11
4 2.88 4.64 5.86
6 4.12 6.63 7.45
8 5.26 8.45 8.70
10 6.40 10.30 10.30
15 9.40 . 15.10. 13.00 '
20 13.20 21.30 15.00
30 20.40 32.90 18.40
40 27.70 44.50 21.20
50 35.00 56.40 23.70
60 42.30 ■ 68.00 26.00
80 56.90 91.50 29.70
100 71.50 115.00 34.60
TABLE 026 Series NA: 3.36N T=20.5°C Initial p.p.=002=0.96Eatm
-297-
absorption
secs
Pressure drop 
in gas space 
mm Hg
x 10
2
g mol/cm
x 10 p mol/cm
Reversible Irreversible
1 1.60 2.58 NOT 3.0
2 3.00 4.82 OONSIPEREB 5.4
4 4.00 6.42 8.5
6 5.50 8.86 1 1 .0
8 6.80 10.90 12.9
10 8.10 13.03 14.5
15 12.30 19.80 18.8
20 16.52 26.60 21.7
30 24.97 40.00 26.5
40 33.42 53-80 30.6
50 41.87 67.50 34.2 •
60 50.32 81.00 37.6
80 67.22 108 .00. 42.8
100 84.12 ' 135.50 48.5
TABLE 0 27 Series NA: 4.74N T=21°0 Initial r . p . 902=0.956Batm
Time for 
absorption
secs
Total
Pressure drop 
in gas space 
mm Hg
M, trans 
x 106
g mol/cm2
calc 
x 10^ p mol/cm2
Reversible Irreversible
1 1.16 1.87 NOT .3.4
2 2.03' 3.25 SONSTIERED 6.9
4 3.58 5.75 11.9
6 5.01 8.05 15.4
8 60 38 10.28 18.2
10 7.71 12.40 21.4
15 10.94 . 17.60 26.4 '
20 14.16 22.80 31.2
30 20.96 33.80 38.1
40 27.76 44.50 44.0
50 34.56 55.50 49.2
60 41.36 66.50 54.2
80 54.96 88.50 61.6
100 68.56 110.20 70.C
TABLE 0 28 Series NA: 7N T=20<1°C Initial p.p. 00 =0.956Batm
- 298-
aDSorption
secs
Pressure drop 
in gas space 
mm Hg
x 10~
p
g mol/cm
x 10s" e mol/cm^
Reversible Irreversible
1 • 0.96 1.54 N 3T
2 1.80 2.90 CONST!)5RED
4 3.34 5.37
6 4.94 7.96
8 6.34 10.20
10 8.72 14.00
15 12.12 19.50
20 14.62 23.50
30 19.67 31.60 /
40 24.07 38.60
50 28.47 45.70
60 32.87 52.00
80 41.67 . 67.00
100 50.47 81.30 •
TABLE 0 29 Series NA: 9.15N T=20.8°C Initial pip. G02=0.95P.atm
Time for 
absorption
secs
Total
Pressure drop 
in gas space 
mm Hg
M, trans 
x l O 6
g mol/cm^
M, calc
6 2 x 10 g mol/cm
Reversible Irreversible
1 . 0o53 0.85 113T
2 0.90' 1.45 CONST nERED
4 1.78 2.86
6 9.12 14.70
8 32.92 53.00
10 49o 52 79.50
15 68o92 . 111.10
20 89.82 144.20 (spprox. 8.0 vithout ffspray”)
30
40
50
60
80
100
TABLE 0 30 Series NA: Pure 0
with "spray” T=20.9 9
Initial p . p . 90p=0.95Patm 
See fig. 4.7 Section2
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Time for 
Absorption 
secs
Total Pressure Drop 
in Gas Space 
mm Hg
M-t trans x 10? 
g mol/cm2
M-t calc x 10? g mol/cm2
Reversible Irreversible
1 Not
2 Considered
4
6 0.95 . 2.64 8.86
8 1.26 . 3.50 10.30
10 1.57 4.37 11.40
15 2.52 7.00 14.IO
20 2.32 9.25 16.30
30 4.81 13.37 19.90
40 6.29 17..50 23.00
50 8.11 22.60 25.50 ,
60 9.91 27.50 28.10
80 13.37 37.21 32.50
100 17.01 47.31 J 36.30
TABLE C .32 Series ND: 0.1 N. Initial conditions: T = 20«3°C.
pp C02 = 0.79-P*a-tm
Time for 
Absorption 
secs
Total Pressure Drop 
in Gas Space 
mm Hg
M-t trans x 107 
g mol/cm2
M^ . calc x 107 g mol/cm2
Reversible Irreversible
1 0.93 2.52 (x 107) Not 5.95 (x 107)
2 1.80 5.00 - Considered 8-37
4 3.61 10.00 11.90
6 5.10 14.20 14.60
8 5.90 16.42 16.80
10 6.70 18.61 18.80
15 8.50 23.60’ 23.00
20 9.98 27.70 26 .60
30 16.32 45.40 32.60
40 20.32 56.50 37.70
50 24.12 67.00 42.10
60 27.92 77.50 46.20
80 35.52 99.00 53.30
100 43.12 120.00 59-50
TABLE C.33 Series ND: 0.3 N. Initial conditions: T = 20*4°0.
pp C02 = 0*79*P»atm
-3 0 1 -
Time for 
Absorption 
secs
Total Pressure Drop 
in Gas Space 
mm Hg
Mt trans x 10? 
g mol/cm2
Mt calc x 107 g mol/cm2
Reversible Irreversible
1 0.68 1.89 Not 8.2
2 1.40 3.89
Considered 11.6
4 2.90 8.06 16.4
6 4-34 12.08 20.2
8 5.78 16.10 23.3
10 7.08 19.70 26.0
1-5 10.09 30.31 32.0
20 12.94 35.80 37.1
30 19.44 54.00 45.4
40 26.44 73.50 52.4
50 32.89 91.50 53.5
60 39.89 111.00 6 4.I
80 53.81 149.50 73.9
100 67.77 188.00 82.0
TABLE C .34 Series ND: 0.5 N. Initial conditions: T = 20*7°C.
pp C02 = 0«79«P*atm
Time for 
Absorption 
secs
Total Pressure Drop 
in Gas Space 
mm Hg
trans x 10  ^
g mol/cm2
Mf- calc x 10  ^g mol/cm2
Reversible Irreversible
1 0.97 0.27 (x 106) Not O .98 (x 106)
2 2.21 0.61 Considered 1.38
4 4.46. 1.24 1.96
6 6.58 1.83 2.40
8 8.54 2.47 2.75
10 10.53 2.83 3.09
15 13.31 3.71 3.29
20 18.10 5.04 4.38
30 27.53 7.64 5.37
40 36,53 10.20 6.19
50 45.33 12.65 6.94
60 54.43 15.10 7.59
80 72.93 20.30 8.75
100 91.53 25.30 9.80
TABLE C .35 Series ND: 0.7 N. Initial conditions: T = 21 °C.
pp C02 = 0*79 »P •atm
-302-
Time for 
Absorption 
secs
Total Pressure Drop 
in Gas Space 
mm Hg
Mt trans x 10^ 
g mol/cm2
M-t calc x 10^ g mol/cm2
Reversible Irreversible
1 Not
2
Considered
4 1.20 1.93 2.52
6 1.59 2.56 3.06
8 1.93 3.51 3.53
10 2.32 4.74 4.00
1.5 3*20 5.15 4.83
20 4.14 6.6 5 5.57
30 5.94 9.55 6.83
40 7.75 12.52 7.91
50 9.61 15.45 8.81
60 11.43 18.40 9.66
80 15.29 24.60 11.15
100 18.93 30.40 12.60
TABLE C .36 Series ND: 1.02 N. Initial conditions: T = 19.5°C.
pp Co 2 — 0 *9 6.P.atm
Time for 
Absorption 
secs
Total Pressure Drop 
in Gas Space 
mm Hg
M-£ trans x 106 M-j- calc x 106 g mol/cm2
g mol/cm2 Reversible Irreversible
1
2
Not
Considered
4 1.60 2.57 4.32
6 2.38 3.83 5.27
8 3.12 5.03 6.11
10 3.90 6.26 6.82
15 5.24 8 .4I 8.40
20 6.40 10.30 9.6 5
30 9.30 14.98 11.80
40 12.00 19.80 13.65
50 ' 14.78 23.75 15.25
60 16.70 26.90 16.72
80 22.98 36.98 19.30
100 27.75 44.50 21.60
TABLE C .37 Series ND: 2.12 N. Initial conditions: T = 19«50C.
pp C02 — 0*96.P.atm
-303-
Time for 
Absorption 
secs
Total Pressure Drop 
in Gas Space 
mm Hg
Mt trans x 106 calc x 1q6 g mol/cm2
g mol/cm2 Reversible Irreversible
1 Not
2 Considered
4 1.37 2.20 2.83
6 2.22 3.57 4.02
8 3*04 4.89 5.36
10 3.73 6.01 6.65
15 6.16 9.92 10.45
20 7-29 11.70 12.80 '
30 10.29 16.50 15.60
40 13.19 21.20 18.10
50 15.94 25.60 20.20 ,
60 18.86 30.40 22.10
80 24.85 40.00 25.60
100 30.69 49.20 28.50
TABLE C .38 Series ND: 3*12 N • Initial conditions: T = 19.5°C
pp C02 ^ 0*96.P.atm
Time for 
Absorption 
secs
Total Pressure Drop 
in Gas Space 
mm Hg
trans x 106 
g mol/cm2
M-j- calc x 106 g mol/cm2
Reversible Irreversible
1 Not
2 1.00 1 .61.
Considered 3.76
4 1.90 3.07 5.73
6 2.80 4.52 7.52
8 3.83 6.16 8.75
10 4.72 7.62 10.10
15 6.52 10i50 12.90
20 7-97 12.80 15.25
30 10.22 16.52 20 .00
40 12.30 19.80 23.10
50 14.70 23.70 25.70
60 17.10 27.50 28.20
80 21.79 35.10 32.60
100 26.47 42.70 36.40
TABLE C .39 Series ND: 4*35 N. Initial conditions: T = 19*5°C
pp C02 = 0.96.P.atm
-304-
Time for 
Absorption 
secs
Total Pressure Drop 
in Gas Space 
mm Hg
M-t trans x 10 6 
g mol/cm4'
M-t calc x 1C6 g mol/cm2
Reversible Irreversible
1 0.35 0.57 Not Coiisidered
0 0.57 0.93
4 1.00 1.62
0 1.70 2.74
8 2.31 3.72
10 3.03 4.85
15 4.73 7.60
20 5.93 9.50
30 8.13 13.10
40 9.65 15.50
50 11.18 18.00
00 12.91 20.08
80 15.63 25.10
100 19.07 30.60
TABLE C.40 Series ND: 4*95 N. Initial conditions: T = 19.7°C
pp C02 — 0.95»P»atm
Time for 
Absorption 
secs
Total Pressure Drop 
in Gas Space 
mm Hg
trans x 10*5 
g mol/cm2
M-t- calc, x 10  ^g mol/cm2
Reversible Irreversible
I Not Coisidered
')
4 1.00 1.61
6 1.41 2.27
8 1.80 2.90
10 2.25 3.62
15 3.00 4.83
20 3.80 6.13
30 4.90 7.90
40 5.73 9.20
50 6.48 10.40
00 7.20 11.60
80 8.41 13.50
100 9.48 15.30
TABLE C .41 Series ND: 6.95 N. Initial conditions: T = 19*8°C
pp C02 — 0.95»P*atm
-305-
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pp 
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= 
0*
78
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*a
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Time for 
Absorption 
secs
Total Pressure Drop 
irl Gas Space 
mm Hg
M-t trans x 10^  
g mol/cm2.
M-t calc x 10^  g mol/cm2
Reversible Irreversible
1 Not
2 Considered
4
6
8
10 2*40 0.68 0.91
15 3.50 0.98 1.15
20 4*60 1.29 1.29
30 6.10 1.70 1.59
40 7.92 2.20 I .84
50 9.92 2.76 2.05
60 11.92 3.31 2.25
80 15.72 4.37 2.60
100 19.62 5.45 2 .90
TABLE C*45 Scries NH: 0*057 N. Initial conditions: T = 21°C
pp C02 = 0*78.P*atm
Time for 
Absorption 
secs
Total Pressure Drop 
in Gas Space 
mm Hg
M-f- trans x 10^ 
g mol/cm4-
calc x 10^ g mol/cm2
Reversible Irreversible
1 Not
0 2.40 0.67 • Considered 0.95
4 4.35- 1.21 1.35
0 5.85 1.63 1.68
8 7-38 2.06 1.91
10 8.48 2.36 2.13
15 11.20 3.51 2.61
20 14.62 4.05 3-02
30 21.54 5.97 3.70
40 28.14 7.85 ’ 4.26
50 34.64 9.60 4.77
00 41.34 11.50 5.24
80 54.74 15.20 5.95
100 77.10 21.30 6.75
TABLE C.46 Scries NH: 0.24 N. Initial conditions: T = 21°C
pp C02 = 0*78*P*atm
-309-
Time for 
Absorption 
sees
Total Pressure Drop 
in Oas Space 
mm Hg
Mt trans x I0(l 
g mol/cm2
Mf calc x 10^ g mol/cm2
Rovers!blc Irreversible
1 1.5 0.42 Not 0.93
2 2.5 0.70
Considered 1 .32
4 4*6 1.28 1.86
0 6.7 1.86 2.32
8 8.7 2.42 2.64
10 10.9 3.03 2.94
15 15.8 4.39 3.60
20 21.5 5.98 4*15
30 32.5 9.05 v 5-11
40 4 3.7. 12.20 5*87
50 54.7 15*20 6.57 .
00 65.7 18.30 7.20
80 87.1 24.20 8.30
100 108.5 30.20 9*30
TABLE C .47 Series NH: 0.36 N. Initial conditions: T - 21°C 
pp C02 “ 0 .78.P.atm
Time for 
Absorption 
secs
Total Pressure Drop 
in Gas Space 
mm Hg
Mt trans x 10^ calc x 10  ^g mol/cm2
g mol/cm2 Reversible Irreversible
1 3*0 0.83 Not 1.78
•>** 5*0 1*39-
Considered 2.56
4 10.S 2.92 3*56
6 13.9 3*86 4*36
8 17.6 4*90 5*05
10 21.0 5*85 5*60
15 33*5 9.35 6.89
20 45*3 12.80 8.00
30 69.0 19*20 9*75
40 91*5 25*40 11.30
50 114*0 31 *70 12.60
60
80
100
136.5 37*90 13*80
TABLE C .48 Series NH: 0.75 N. Initial conditions: T = 21°C
pp C02 = 0 .78.P.atm
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Time for 
Absorption 
secs
Total Pressure Drop 
in Gas Space 
mm Hg
M-t trans x 10^ Mt calc x 10^  g mol/cm2
g mol/cm2 Reversible Irreversible
1
0
0.80
1.25
1.29
2.05
Not
Considered
2.47
3.50
4 2.50 4.03 4.94
0 3.70 5.95 6.05
8 5*00 8.05 7.00
10 6.30 10.15 7.80
15 10.30 10.60 9.60
20 13.70 22.00 11.10
30 21.75 35.00 13.60
40 29-05. 46.80 15.80
50 36.55 58.70 17.60
00 44.65 71.60 19.20
80 59.25 95.50 22.20
100 73.45 118.01 24.70
TABLE 0.49 Series NH: 1.32 N. Initial conditions: T = 
pp C02 = 0.95.P.atm
= 19.7°C
Time for 
Absorption 
secs
Total Pressure Drop 
in Gas Space 
mm Hg
Mfc trans x I0l) ca1c x g mol./cm2
g mol/cm*’ Rover si bl.e Irreversible
1
*>
0.90
1.80
1.45
2.90.
Not
Considered
3.80  
5.16
4 3.10. 4.98 7.55
0 4.75 7-65 9.70
8 6.05 9.75 11.20
10 7.70 12.40 12.50
IS 12.20 19.58 14.90
20 16.45 26.50 17.70
30 27.45 44*20 21 .70
40 37.65 00.50 25.30
50 47.35 76.00 28.00
00 57.05 92.00 30.70
80 76.45 123.00 36.00
100 95 *00 153.10 40.50
TABLE C .50 Series NH: 1.82 N. Initial conditions: T = 19«7°C
pp C02 — 0 .95»P»atm
-31.1-
Time for 
Absorption 
secs
Total Pressure Drop 
in Gas Space 
mm Hg
M-t trans x 10^ M-t calc x 106 g mol/cm2
g mol/cm2.
Reversible Irreversible
1 1.90 3.06 Not 4.50
2 3.40 5.46
Considered 6.85
4 5.40 8.70 10.30
6 8.10 13.05 11.80
8 10.20 16.41 15.00
10 12.70 20.40 16.90
15 19.30 31.10 22.30
20 25.80 41.50 25.60
30 29.20 47.00 31.30
40 32.60 52.50 36.10
50 46.00 74*00 40.40
60
80
100
59.70 96.00 44.20
TABLE C.51 Series NH: 2.82 N. Initial conditions: T = 20*4°C
pp C02 = 0.95*P»atm
Time for 
Absorption 
secs
Total Pressure Drop 
in Gas Space 
mm Hg
trans x 10^ calc x 10  ^g mol/cm2
g mol/cm2 Reversible Irreversible
1 1.02 1.61 Not 4*66
0 2.01 3.22, Considered 7.86
4 4 .0 0, 6.44 11.70
6 6.01 9*66 14.50
8 8.32 13.40 17.40
10 10.84 17.40 20.10
15 17.34 27.80 25.10
20 24.14 38.80 29.00
30 37.64 60.50 35.60
40 51.14 82.50 41.20
50 64*64 104.00 46.00
60
80
100
78.14 126.00 50.50
TABLE C.52 Series NH: 3*23 N. Initial conditions: T = 20«3°C
pp C02 = 0 .95.P.atm
Time for 
Absorption 
secs
Total Pressure Drop 
in O.as Space 
nun Hg
Mt trans x 10° 
g tnoL/cnr
Mj- calc x 10  ^g mol/cm2
Reversible Irreversible
1 1.25 2.01 Not 4.27
O 2.46 3-96 Considered 8.54
4 4.62 7-40 13.10
(1 6.91 11.10 16.50
8 9.45 15-20 20.00
10 12.16 19.50 23.00
15 19 *66 31.60 29.70
20 27.46 44.00 37*20
30 44-31 71.00 45.50
40 61.06 98.50 52.60
50 77.86 125.00 58.70
00 94-71 152.00 64.50
SO
100
TABLE 0.53 Series NH: 4*24 N. Initial conditions: T = 20.20°C
pp C02 = 0.95»P.atm
Time for 
Absorption 
secs
Total Pressure Drop 
in Gas Space 
nun Hg
Mt trails x 106 M| ca 1 c x 106 g mol./cm2
g mol/cm*"
Reversible Irreversible
1 1.0 1 .61 Not 5.6 5
*> 1 .65 2.66.
Considered 10.30
4 3.25 . 5.23 16.10
(1 5.05 8.14 19.70
8 7.45 12.01 25.00
10 10.15 16.31 30.00
15 16.20 25.70 41.40
20 23.75 38.20 49.00
30 39.15 63.01 60.00
40 54.95 88.52 69.00
50 70.95 114.00 76.90
00
80
100
86.15 139.00 84.50
TABLE C.54 Series NH: 6.5 N. Initial conditions: T = 19*1°C
pp C02 = 0»96.P.atm
Total 
Time of 
Absorption 
secs
Pressure 
Drop in 
Gas Space 
mm Hg
Mt Trans 
x io7 
g.mole/cm2
Total 
Time of 
Absorption 
secs
x f  I02 
Actual 
cm
Mt Optic 
x 107 
g.mol/cm2
Cs Optic 
x 10° 
g.mol/cm3
1 0.18 0.50 0 .2 1.6 0.054 0.6 5
1.5 0.36 0.99 0.4 3.2 0.109 O .83
5 0.18 2.72 0.6 4.5 0.26 1.59
10 2.2 8 6.32 0 • GO 5.5 0.37 2.08
15 3.4b 9.56 1.0 6.9 0.52 2.52
20 4.46 12.4 1.2 7.2 0.706 3.04
25 5.44 15.1 1.4 8.7 0.87 3.06
30 6.42 17.8 1.6 10.5 1.09 3.63
40 8.30 23.1
50 9.95 27.6
00 11.40 31.6
80 14.25 38.4
100 16.49 45.6
TRANSDUCER OPTIC
TABLE C.55 Absorption of Coo by propylene carbonate
Transducer/interferometric data
Initial conditions: T = 19.8°C pp. C02 — O.78.P.atm
Magnification factor = 100:1
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Time for 
Absorption 
secs
Total Pressure Drop 
in Gas Space 
mm Hg
trans x 10  ^
g mol/cm^
calc x 10  ^g mol/cm2
Reversible Irreversible
1 Not
O Considered
4
0
8
10 1.05 1.68 1.39
15 1.80 2.88 1.70
20 to • -P* 0 3.84 1.97
30 3.75 6.00 2.42
40 4*95 7.93 2.82
50 6.15 9.85 3.12
00 7.65 12.50 3.42
80 9.95 15.90 3.94
LOO 12.05 19.35 4.41
TABLE C .56 Series NN: 0.155 N. Initial conditions: T = 20.7°C
pp C02 = 0 .96.P.atm
Time for 
Absorption 
secs
Total. Pressure Drop 
in Gas Space 
nun Hg
M-t trans x 10^ Mt ca1e x 10° g mol/cm2
g mol/cm*'
Reversible Irreversible
1
*>
Not
Considered
4
0 1.00 1.00 3.54
8 1.41 2.26 4.09
10 1.80 2.88 4.58
15 2.70 4.32 5.62
20 3.60 5-76 6.51
30 5.75 9.20 7.95
40 7.75 12.40 9.20
50 9.90 15.84 10.20
00 11.90 19.04 11 .20
80 16.20 25.90 13.00
100 20.35 32.50 14.50
TABLE C .57 Series NN: 0.02 N. Initial conditions: T = 20.7°C
pp Go2 = 0 «96.P.atm
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Time for 
Absorpt.i on 
sees
Tota1 Pressure Prop 
in Cas Space 
nun H&
Mf trans x 10^ Mt calc x 10° & mol/cm4’
£ mol/cm* Roversi h1e Irrovorsible
1
* >
Not 
Consid ored
4
0 1 .50 2.40 5 .54
8 2.25 8.00 0.88
10 2.95 4.75 7.12
15 5.45 8.78 8.75
20 7.95 12.80 10.10
80 12.55 20.20 1 2 .40
40 17.55 . 28.28 14.‘40
50 22 .(>0 80.15 15.75
00 27-75 44.00 17.50
SO 87.05 59.50 20 .20
100 47.25 70.00 22 .50
TARLK O .58 Series NN: 1.02 N. Initial, conditions: T = 20*7°C
pp Co 2 — 0 .95 • !’ .atin
Time for 
Absorption 
secs
Total Pressure Drop 
in Cas Space 
mm Hy;
Mt trans x 10° Mt caIc x 10° & 1 1 1 01/cm"
£ 1 1 1 0 I/cm"
Roversi b10 Irreversi ble
1 0.88 1 .32 Not 3.08
1 .00 2 .04- Considered 4.00*)
4 8.12 4.90 6.05
0 1 .25 0.94 8.05
S 5.62 8.94 10.10
10 0.97 11 .05 1 1 .50
15 11.17 17.74 14 .00
20 14.97 23.78 16.20
80 23.35 37.50 19.80
40 31 .70 50.50 22.81
50 40.10 03.38 25.50
00 48.30 70.98 27 .95
so 04.00 102.00 32 .20
100 82.00 130.50 36.10
TAIILN C .59 Series NN: 1.85 N. Initial conditions: T = 21 °C
pp C02 = 0 .94.P.atm
-8I0-
Ti.ino for 
Absorption 
sees
Total Pressure Drop 
in Cas Space 
nun Hg
trans x 100 
g mol/cnr
calc x ICO g mol/cm2
Revorsible Jrreversible
1 1.63 2.60 Not 4*30
»>
2.45 3.89
Considered 4.70
4 4.08 0 .49 7.50
(1 5.71 9.09 10.20
s 7.34 11 .68 12.00
10 8.97 14.25 13.20
IS 13.07 21.75 10 .00
20 18.07 29.03 19.30
50 28.02 45.50 23.00
40 39.12 02.30 27.20
50 49.90 78.40 30.40
00 00.97 90.80 33.40
SO 83.10 132.50 38.40
100 104.57 100.20 43 .00
TAMLK C.oO Scries NN: 2.95 N. Initial, conditions: T — 21.1°C 
pp Cog -- 0 .94 *P .atm
Time for 
Absorpt i on 
sec s
Total Pressure Drop 
in Cas Space 
111111 Hg
M( (rails x 10° 
g 1110 l/cnr
M( calc x 10° g 1110 l/om“
Rcversi bIe 1rroversi b10
1 0 .00 0 .95 Not 4 .8 0
Consid  ored
2 I .20 1 .91 7 . SO
4 2 .00 4 .14 1 1 .70
0 3.90 0 .20 15.00
s 5.30 8 .43 17.20
10 0 .00 10.49 19.00
1 5 10 .00 15.90 24.50
20 14.20 22.57 2 7 .  SO
30 23.40 37.20 24.00
40 33.10 52.00 4 0 . 10
50 42.80 0 8 .1 0 4 5 .00
0 0 5 3 .00 84.30 40.20
SO 72 .90 115.80 50.70
100 03.30 148.20 (>3.50
TAIILK C.oi Series NN: 3*9 N. Initial- conditions: T -- 21 °C
pp Co2 — 0 *94 .atm
Time for 
Absorption 
secs
Total Pressure Drop 
in Gas Space 
mm Hg
M-t trans x 10 6 
g mol/cm2
calc x 106 g mol/cm2
Reversible Irreversible
1 Not
2 Considered
4
6 2.60 4*17 14.29
8 3.40 5*46 17.71
10 4.20 6.75 20.20
1-5 6.30 10.15 29.10
20 8.80 14*18 34*20 '
30 13*80 22.20 42.50
40 19.20 30.90 49*00
50 24.60 39.50 54.70 ,
60 30.50 48.50 56.00
80 42.00 67.50 64.70
100 53*50 86.00 77.50
TABLE C«62 Series NN: 5*7 N. Initial conditions: T = 20.7°C
pp Co 2 — 0 *95 .atm
Time for 
Absorption 
secs
Total Pressure Drop 
in Gas Space 
mm Hg
M-fc trans x 106 
g mol/cm2
calc x 106 g mol/cm2
Reversible Irreversible
1 0.70 1.12 Not Considered
2 1.16 1.82 ,
4 1.75. 2.79
6 2.33 3.72
8 2.80 4.47
10 3.60 5.75
15 4*76 7.61
20 5.56 8.89
30 6.76 10.81
40
50
60
80
100
TABLE C .63 Series NN: 10*9 N. Initial conditions: T = 21.8°C
pp C02 = 0.94 .P.atm
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Time for 
Absorption 
secs
Total Pressure Drop 
in Gas Space 
mm Hg
Mt trans x 10^ M-f- calc x 106 g mol/cm2
g mol/cm2 Reversible Irreversible
1 Not Con sidered
2 0.27 0.080
4 0.54 0.150
6 0.80 0.220
8 0.90 0.250
10 1.17 0.325
15 1.82 0.510
20 2.47 0.690
30 3.62 1.010
40 4.77 1.330
50 5*92 1.650
60 7*22 2.010
80 10.12 2.810
100 13.00 3.610
TABLE C .64 Series NT: 0.1 N. Initial conditions: T = 20.2°C
pp Co 2 =  O.7 8.P.atm
Time for 
Absorption 
secs
Total Pressure Drop 
in Gas Space 
mm Hg
M-t trans x 106 
g mol/cm2
M-f- calc x lO^ g mol/cm2
Reversible Irreversible
1 0.27 0.075 Not Con sidered
2 0.45 0.125 ,
4 0.99, 0.275
6 1.53 0.425
8 2.16 0.600
10 2.70 0.750
15 4.05 1.130
20 5.22 1.450
30 7.42 2.060
40 9.20 2.560
50 12.81 3.550
60 14.97 4.150
80 20.31 5.640
100 25.64 7.120
TABLE C.65 Series NT: 0.5 N. Initial conditions: T = 19*7°C
pp C02 = 0 *78 *P.atm
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Time for 
Absorption 
secs
Total Pressure Drop 
in Gas Space 
mm Hg
M-t trans x 106 
g mol/cm2
Mt calc x lO^  g mol/cm2
Reversible Irreversible
1 Not Con sidered
2 0.51 0.136
4 1.30 0.352
6 2*11 0.571
8 2.90 0.790
10 3.70 1.015
15 5.51 1.500
20 7.20 2.010 <■
30 10.01 2.720
40 13.81 3.840
50 17.70 4.920 ,
60 21.21 5.700
80 30.01 8.310
100 38.30 10.610
TABLE C .66 Series NT: 0#7 N. Initial conditions: T = 21°C
pp C02 = 0 .78.P.atm
Time for 
Absorption 
secs
Total Pressure Drop 
in Gas Space 
mm Hg
Mt trans x 106 
g mol/cm2
calc x 106 g mol/cm2
Reversible Irreversible
1 1.18 Not Considered
2 1.18 0 .328^
4 2.35- 0.654
6 3.48 0.966
8 4.50 1.250
10 5.50 1.530
15 7.6 5 2.130
20 9.80 2 .720
30 13.46 3.740
40 17.40 4.840
50 21 .51 5.960
60 25.72 7.150
80 34.02 9.450
100 42.02 11.700
TABLE C .67 Series NT: 1 N. Initial conditions: T = 19*8°C
pp C02 = O.78.P.atm
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Time for 
Absorption 
secs
Total Pressure Drop 
in Gas Space 
mm Hg
M-t trans x 10 6 
g mol/cm2
Mj- calc x 106 g mol/cm2
Rv'versible Irreversible
1 Not Considered
2 1.41 0.392
4 2.70 0.752
6 4.14 1.150
8 5.34 1.480
10 6.54 I.8I0
15 8 *82 2.440
20 11.10 3.08o
30 15*91 4*420
40 19*31 5.360
50 23*30 6.490
60 27.10 7.540
80 35.10 9.760
100 46.70 13.000
TABLE C.68 Scries HT: 2 N. Initial conditions: T = 19*7°C
pp C02 = 0 .78.P.atm
Time for 
Absorption 
secs
Total Pressure Drop 
in Gas Space 
mm Hg
M-t trans x 106 Mt calc x 106 g mol/cm2
g mol/cm2 Reversible Irreversible
1 Not Considered
2 1.11 0.31 ^
4 2.10, 0.57
6 3.05 0.85
8 4.18 1.16
10 5.21 1.45
15 7.65 2.13
20 10.00 2.78
30 14.25 - 3.96
40 17.45 4-85
50 20.90 5.82
60 24.67 6.85
80 32.17 8 .84
100 39.89 11.05
TABLE C .69 Series HT: 3 N# Initial conditions: T = 19»6°C
pp C02 = 0 *78.P.atm
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Time for 
Absorption 
secs
Total Pressure Drop 
i.11 Oas Space 
111 H£
Mj- trans x 106 
£ mol/cnr
M ( eii 1 e \ 10(> £ moi/cm2
Hv vers i h1e I rr ever sib 1.0
1 0.18 0.05 Not Con sidered
0.54 0.15
4 1.26 0.35
0 1 .98 0.55
S 2.70 0.75
10 3.60 1 .01
IS 5.40 1 .51
20 6.95 1.94
80 9.85 2.74
40 12.45 3.46
50 14.75 4.10
00 16.90 4.71
SO 20.20 5*65
100 23.65
‘^ ... .........
TAULK 0 .70 vSiM'ios HT: 5 N. Initial conditions: T — 20.8°C
pp Cop — 0 .78.P.atm
Time for 
Absorpt i 0 1 1  
see s
To till Pressure Prop 
in 0;is Space 
111111 Ht;
Mt trims x I0() 
,1; mol/cnr'
M( calc x 10^ £ mol/cnr
Keversi b1e Irrcv ers i b1e
1 0.21 0 .05 Not Cons i d or ed
»I 0 .42 0.11
4 0 .80 0 .22
0 1 .37 0 .38 •
s 1.85 0.51
10 2.30 0 .6 4
IS 3.51 0 .9 7
20 4.41 1 .23
30 6 .56 1 .82
40 8.06 2 .24
SO 9.51 2 .64
60 1 1 .08 3.08
80 13.48 3 .75
100 15.72 4*36
TAHLK C.71 Series HT: 0 N. Initial conditions: T = 20*5°C
pp C02 = 0.78.P.atm
Time of 
Absorption 
secs
Total Pressure Drop 
in Gas Space 
mm Hg
M.*. trans x 10? 
g.mol/cm2
Mt optic x l07 
g .mol/ cm2
10 0.308 0.855
15 0.535 1.490 1.01
30 1.190 3.270 1.89
60 2.280 6.270 3.06
80 2.890 7.950
100 3.460 9.520
120 3.900 10.700 5.26
140 4.380 12.050
160 4.790 13.170
180 5.190 14.4OO
TABLE C.72 Series NW: 8.44 weight %• Initial conditions: 
T = 20°C pp Co2 = 0.78.P.atm
Tfme of 
Absorption 
secs
Total Pressure Drop 
in Gas Space 
mm Hg
trans x 10? 
g.mol/cm2
optic x 107 
g .mol/cm2
10 0.094 0.257
20 0.321 0.876
40 0.733 2.000
60 1.107 2.950 1.20
80 1.431 3.910
100 1.671 4.570
120 1.931 5.280
140 2.107 5.760
160 2.283 6.240 4.17
180 2.449 6.520 4 .86
TABLE C.73 Series NW: 40*7 weight %• Initial conditions:
T = 20°C pp Co2 = 0.78.P.atm
Time of 
Absorption 
secs
Total Pressure Drop 
in Gas Space 
mm Hg
trans x 10? 
g .mol/cm2
Mt optic x 107 
g .mol/cm2
10 0.166 0.455
20 0.340 0.932
40 0.732 2.010
60 1.068 2.920 0 .5 0
90 1.432 3.920 1 .00
100 1.538 4.170
120 1.754 4.830 2.34
140 1.873 5.200
160 2.010 5.610
180 2.200 6.033 5.49
TABLE C.74 Series NW: 45*9 weight#. Initial conditions:
T = 20°C pp C02 = O .7 8.P.atm
Time of 
Absorption 
secs
Total Pressure Drop 
in Gas Space 
mm Hg
trans x 10  ^
g .mol/cm2
optic x 10? 
g .mol/cm2
10 0.077 0.211
20 0.234 0.642
40 0.607 1.660
60 0.804 2.200
80 0.950 2.610
100 1.210 3.320 0.60
120 1.334 3.660
140 1.420 3.910 1.47
160 1.524 4.270
180 1.628 4 .46O 2.81
TABLE C.75 Series NV/: 52*5 weight#. Initial conditions:
T = 20°C pp C02 — O.78«P.atm
0 CO 0 O ts. LO O O O O LO
CO O 0 vO LO CO O' 00 LO ON COpj • • • • • • • • • •
rt CM -o* co 00 On rH CO NO n
h rH rH rH rH HP NO
s f
•
0w
O 0 CO 00 NO NO CO CO NO
On rx LO 0 O o- O LO
ft CO 0 tN ON CM NO CO rH• • • • • • • • • •
O 0 rH rH rH tH CM CM CM co
O
rH
X CO 0 O CM O O CM LO 0
CO O' 00 CM co co On CO NO 0 £jpj • • • • • • • • • • Q
oj tH co LO NO 00 O' rH CMp. rH tH rH CM
P LONO
s f •
•
O
0 O nO ■Tt* CM CM 'Ht
r-^ CO O' CM CM On O t"- CM ON
ft CO r>« ON CM LO o> rH NO• • • • • • • • • •
O 0 O rH rH tH rH CM CM CM
O
rH
X OO 0 NO O 0 NO O O
CO OO 10 LO ■"st tH LO NO On
pj • • • • • • • • • • Pj
cd tH co '■'d’ LO NO !>• CO ON 0 rH §p, tH rH
LO
LO
O
0 CM NO NO rf LO NO NO O O
nO 0* to LO CM LO CO
ft CO vO 00 O CM CO NO CO O CM_A • • • • • • • • • •<3 O rH rH rH rH rH CM CM
!>.
O
tH
X
NO 0 NO CO -rf O •
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Total Time of 
Absorption 
secs
Total Pressure Drop 
in Gas Space 
mm Hg
trans x 107 
g.mol/cm2
1 O .87 1.43
2 1 .41 2.32
4 2.51 4.12
6 3.56 5.86
8 4.71 7.76
10 5.91 9.74
15 9.39 15.48
25 16.92 27.80
40 30.20 48.20
60 47.59 78.10
80 65.29 107
100 82.14 135
24 mm
TABLE C.78 (Continued)
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Run I II III IV V
Bq Mea moles/litre 0.106 0.221 0.311 0.5970 0.972
Dg x 105 cm2/sec 1.075 1.059 1.035 1 .0244 0.980
x lO^ cm2/sec 2.000 1.920 1.900 1.84OO 1.660
dB
r da
0.537 0.547 0.545 0.5670 0.588
Ai c#
g.molt 25°C/litre 760mm Hg 0.033 0.033 0.033 0.0330 0.033
_ BO
ql Ai 3.220 6.520 9.450 18.1000 29 .400
BO
q2 “ Ai 1.610 3.260 4.730 9.0500 14.700
qi V r 2.360 4.840 7.200 13.5500 22.600
q2 /r 1.180 2.420 3.600 6.7600 11.300
TABLE C.79 Laminar jet results
h =
2.8 cms
h =
3.78 cms
h =
5*66 cms
h =
7.64 cms
x 10  ^
g.mol/cm2 sec 3*7300 4.0300 3.4900 3.500
kL cm/sec 0.1125 a .1215 0.1055 0.906
kLo cm/sec 0.0667 0.0565 0.0458 0.0393
kL
E = rLO
1.6800 2.1500 2.3100 2.6900
VMj k = 5,460 1.6100 1 .9100 2.3100 2.7100
^M2 k = 7,600 1.9100 2.2500 2.7700 3.2300
RUN I B0 = 0.106
TABLE C .80 Laminar jet results
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h =
4.65 cms
h =
5.68 cms
h =
6.73 cms
h =
7*81 cms
h =
8.53 cms
h =
9.44 cms
Na x 106 
g.mol/cm2 sec 6.050 5*2600 6.1200 5.2500 6.1300 6.020
cm/sec 0.181 0.1580 0.1845 0.1590 O.I860 0.182
kL0 cVscc 0.050 0.0455 0.0420 0.0391 0.0375 0.036
E =  ^ k
kL0
3*600 3*4500 4.4000 4.0600 4*9600 5.040
VMi k = 5,4^0 3*083 3*3900 3.6700 3.9500 4.1000 4.270
/M2 k = 7,600 3*620 3.9730 4*3100 4.6200 4*8330 4*983
RUN II B0 = 0.221
TABLE C.8l Liuninar jet results
Jet Length hems
2 *7700 4*6500 6 *4300 8 .6O00 9.7300 10.6500
Na x lO6 
g.mol/cm2 sec 4*2900 5.3700 5.2200 6.8000 6.6200 6 .460O
k^ cm/sec 0.1810 0.1620 0.1590 0.2050 0.2000 0.1950
kLo cm/sec 0.0701 0.0505 0.0429 .0.0370 0.0336 0.0332
E = rkL0
2.5800 3.2200 3.7300 5.5300 5.9600 5.9600
VMX k = 5,460 2.6300 3.6400 4.2800 4.9600 5.4000 5.5400
Vm2 k = 7,600 3.0500 4.2000 4.9500 5.7000 6.3000 6.6600
RUN III B0 = 0.311
TABLE C.82 Laminar jet results
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hems 2.1000 3.1200 4*1200 5.1200 7.5100 10.133
N^ x 10^ 
g.mol/cm2 sec 11.5000 10.7000 10.2800 4.6300 8.9800 7.050
^  cm/sec 0.3480 0.3220 0.3110 0.2910 0.2710 0.213
kLQ cm/sec 0.0724 0.0588 0.0517 0.0447 0.0386 0.033
IIw 4.8000 5.5000 6.0000 6.5300 7.0500 6.450
VMj k = 5,460 3.3800 4.1600 4.7400 5.5000 6 .4OOO 7.450
/M2 k = 7,600 4-0000 4-9300 5.5700 6 .46OO 7.5000 8.750
RUN IV B0 = 0.597
TABLE C .83 Laminar jet results
Jet Length hems
2.7700 4.7200 6.6100 7.6400 8.5700 9.670
na x 1060
g.mol/cm*- sec 10.3000 14.1000 10.9000 11 .1000 9.0500 10.650
^  cm/sec 0.3110 0.3510 0.3300 0.3300 0.2740 0.322
kLQ cm/sec 0.0583 0.0435 0.0386 0.0359 0.0339 0.032
r kLE = :—
LO
5.3400 8.0500 8.5400
1
00•O' 8.0900 10.000
^Mj k = 5,460 5.0800 6.8100 7.6700 8.2500 8.7600 9.250
Vmo k = 7,600 6.0700 8.1500 9 .0400 9.9000 10.5000 11 .100
RUN V B0 = 0.972
TABLE C .84 Laminar jet results
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*
